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Summary	  
	  

HT-‐9	  steel	  is	  a	  candidate	  structural	  and	  cladding	  material	  for	  high	  
temperature	  lead-‐bismuth	  cooled	  fast	  reactors.	  In	  typical	  advanced	  fast	  reactor	  
designs	  fuel	  elements	  will	  be	  irradiated	  for	  an	  extended	  period	  of	  time,	  reaching	  up	  
to	  5-‐7	  years.	  Significant	  displacement	  damage	  accumulation	  in	  the	  steel	  is	  expected	  
(>	  200	  dpa)	  when	  exposed	  to	  dpa-‐rates	  of	  20-‐30	  dpaFe/y	  and	  high	  fast	  flux	  (E	  >	  0.1	  
MeV)	  ~4	  x	  1015	  n/cm2s.	  Core	  temperatures	  could	  reach	  400-‐560oC,	  with	  coolant	  
temperatures	  at	  the	  inlet	  as	  low	  as	  250oC,	  depending	  on	  the	  reactor	  design	  [1,2].	  
Mechanical	  behavior	  in	  the	  presence	  of	  an	  intense	  fast	  flux	  and	  high	  dose	  is	  a	  
concern.	  	  In	  particular,	  low	  temperature	  operation	  could	  be	  limited	  by	  irradiation	  
embrittlement.	  Creep	  and	  corrosion	  effects	  in	  liquid	  metal	  coolants	  could	  set	  a	  limit	  
to	  the	  upper	  operating	  temperature.	  	  

In	  this	  report,	  we	  focus	  on	  the	  low	  temperature	  operating	  window	  limit	  and	  
describe	  HT-‐9	  embrittlement	  experimental	  findings	  reported	  in	  the	  literature	  that	  
could	  provide	  supporting	  information	  to	  facilitate	  the	  consideration	  of	  a	  Code	  Case	  
on	  irradiation	  effects	  for	  this	  class	  of	  steels	  in	  fast	  reactor	  environments.	  HT-‐9	  has	  
an	  extensive	  database	  available	  on	  irradiation	  performance,	  which	  makes	  it	  the	  best	  
choice	  as	  a	  possible	  near-‐term	  candidate	  for	  clad,	  and	  ducts	  in	  future	  fast	  reactors.	  
Still,	  as	  it	  is	  shown	  in	  this	  report,	  embrittlement	  data	  for	  very	  low	  irradiation	  
temperatures	  (<	  200oC)	  and	  very	  high	  radiation	  exposure	  (>	  150	  dpa)	  is	  scarce.	  
Experimental	  findings	  indicate	  a	  saturation	  of	  DBTT	  shifts	  as	  a	  function	  of	  dose,	  
which	  could	  allow	  for	  long	  lifetime	  cladding	  operation.	  However,	  a	  strong	  increase	  
in	  DBTT	  shift	  with	  decreasing	  irradiation	  temperature	  could	  compromise	  operation	  
at	  low	  service	  temperatures.	  	  

Development	  of	  a	  deep	  understanding	  of	  the	  physics	  involved	  in	  the	  
radiation	  damage	  mechanisms,	  together	  with	  multiscale	  computer	  simulation	  
models	  of	  irradiation	  embrittlement	  will	  provide	  the	  basis	  to	  derive	  trendlines	  and	  
quantitative	  engineering	  predictions.	  
	  



	   4	  

List	  of	  Figures	  
	  
Fig.	  1:	  DBTT	  shift	  in	  HT-‐9	  as	  a	  function	  of	  fluence	  and	  temperature.	  HT-‐9	  and	  9Cr-‐
1Mo	  steel	  irradiation	  response	  is	  compared	  [5].	  
	  
Fig.	  2:	  Charpy	  impact	  test	  results	  on	  HT-‐9	  base	  metal	  irradiated	  to	  26	  dpa	  [21].	  	  	  
	  
Fig.	  3:	  Charpy	  impact	  test	  results	  on	  HT-‐9	  base	  metal	  irradiated	  to	  13	  dpa	  [21].	  
	  
Fig.	  4:	  Irradiation	  temperature	  and	  dose	  effects	  on	  DBTT	  shifts	  in	  HT-‐9	  and	  9Cr-‐1Mo	  
[21].	  
	  
Fig.	  5:	  Neutron	  exposure	  effects	  on	  DBTT	  shifts	  are	  larger	  in	  HT-‐9	  than	  9Cr-‐1Mo	  
irradiated	  at	  the	  same	  low	  irradiation	  temperature	  (390oC).	  
	  
Fig.	  6:	  DBTT	  measurements	  as	  a	  function	  of	  test	  temperature	  in	  HT-‐9	  base	  metal	  
irradiated	  in	  EBR-‐II	  to	  13	  dpa	  [27].	  
	  
Fig.	  7:	  Shifts	  in	  DBTT	  in	  HT-‐9	  steel	  irradiated	  at	  13	  dpa.	  [21,27].	  
	  
Fig.	  8:	  Impact	  tests	  in	  12Cr-‐1MoVW	  (XAA-‐3587)	  steel	  in	  the	  unirradiated	  and	  
annealed	  conditions	  and	  irradiated	  at	  390oC	  to	  12	  dpa	  in	  EBR-‐II	  [28].	  	  	  
	  
Fig.	  9:	  DBTT	  as	  a	  function	  of	  irradiation	  temperature	  for	  HT-‐9	  steel	  irradiated	  to	  a	  
dose	  of	  110	  dpa	  in	  Phenix	  fast	  breeder	  reactor	  [30].	  	  
	  
Fig.	  10:	  Effect	  of	  irradiation	  temperature	  on	  DBTT	  shift	  in	  HT-‐9	  specimens	  in	  T	  and	  L	  
orientation	  irradiated	  in	  Phenix	  reactor	  to	  110	  dpa.	  
	  
	  Fig.	  11:	  Charpy	  curves	  for	  half-‐size	  specimens	  of	  12Cr-‐1MoVW	  steel	  before	  and	  
after	  irradiation	  to	  10	  and	  17	  dpa	  at	  365oC	  in	  FFTF	  [34].	  
	  
Fig.	  12:	  Charpy	  curves	  of	  full	  size	  specimens	  of	  Alloy	  HT-‐9	  Rod	  in	  as-‐heat	  treated,	  
thermally	  aged	  and	  irradiated	  condition	  [36].	  
	  
Fig.	  13:	  Effect	  of	  irradiation	  temperature	  and	  fluence	  on	  DBTT	  of	  12Cr-‐1MoWV	  [26].	  
	  
Fig.	  14:	  Charpy	  curves	  for	  12Cr-‐1MoVW	  steel	  (heat	  9607-‐R2)	  in	  as-‐heat	  treated	  and	  
after	  irradiation	  to	  4	  dpa	  at	  365oC	  in	  FFTF	  reactor	  [37,	  38].	  
	  
Fig.	  15:	  Charpy	  curves	  for	  12Cr-‐1MoVW	  steel	  (heat	  9607-‐R2)	  in	  as-‐heat	  treated	  and	  
after	  irradiation	  to	  ~35	  dpa	  at	  420oC	  in	  FFTF	  reactor	  [38].	  
	  
Fig.	  16:	  Effect	  of	  irradiation	  temperature	  on	  DBTT	  shift	  in	  HT-‐9	  specimens	  
irradiated	  in	  BR2	  reactor	  to	  2.47	  and	  3.7	  dpa	  at	  an	  irradiation	  temperature	  of	  200oC	  
[39].	  



	   5	  

	  
Fig.	  17:	  DBTT	  shift	  as	  a	  function	  of	  irradiation	  temperature	  for	  HT9	  steel	  machined	  
from	  the	  ACO_3	  fuel	  duct	  irradiated	  to	  a	  dose	  of	  ~	  20.5	  –	  23.3	  dpa	  in	  FFTF	  fast	  
reactor	  [42].	  
	  
Fig.	  18:	  Comparison	  of	  DBTT	  shifts	  data	  [42].	  
	  
Fig.	  19:	  Comparison	  of	  USE	  data	  [42].	  
	  
Fig.	  20:	  Matrix	  of	  experimental	  data	  available	  on	  HT-‐9	  DBTT	  shifts.	  Red	  lines	  
indicate	  doses	  larger	  than	  110	  dpa	  and	  irradiation	  temperatures	  below	  200oC.	  



	   6	  

List	  of	  Tables	  
	  
	  
Table	  1:	  HT-‐9	  chemical	  composition	  for	  heats	  91353	  and	  91354	  participating	  in	  AD-‐
2	  experiments	  in	  EBR-‐II	  [22].	  
	  
Table	  2:	  Impact	  tests	  performed	  on	  HT-‐9	  base	  metal	  after	  irradiation	  in	  EBR-‐II	  (AD-‐
2	  irradiation	  campaign)	  [21].	  
	  
Table	  3:	  	  Impact	  tests	  performed	  on	  HT-‐9	  base	  metal	  after	  irradiation	  in	  EBR-‐II	  [27].	  
	  
Table	  4:	  	  Composition	  of	  12Cr-‐1MoVW	  heats	  of	  steel	  used	  in	  impact	  tests	  performed	  
after	  irradiation	  in	  EBR-‐II	  to	  12	  dpa	  [28].	  
	  
Table	  5:	  	  Impact	  tests	  performed	  on	  12Cr-‐1MoVW	  steel	  before	  and	  after	  irradiation	  
in	  EBR-‐II	  to	  12	  dpa	  at	  390oC	  [28].	  
	  
Table	  6:	  Chemical	  composition	  of	  HT-‐9	  steel	  irradiated	  in	  Phenix	  to	  110	  dpa	  and	  
temperatures	  in	  the	  range	  of	  400-‐520oC	  [31].	  
	  
Table	  7:	  Results	  of	  impact	  tests	  performed	  on	  HT-‐9	  steel	  irradiated	  in	  Phenix	  to	  110	  
dpa	  and	  temperatures	  in	  the	  range	  of	  400-‐520oC	  [31].	  
	  
Table	  8:	  Chemical	  composition	  of	  HT-‐9	  steel	  irradiated	  in	  FFTF	  to	  10	  and	  17	  dpa	  at	  
an	  irradiation	  temperature	  T	  =	  365oC	  [34].	  
	  
Table	  9:	  Results	  of	  impact	  tests	  performed	  on	  half	  size	  specimens	  of	  HT-‐9	  steel	  
irradiated	  in	  FFTF	  to	  10	  and	  17	  dpa	  and	  365oC	  [34].	  
	  
Table	  10:	  Chemical	  composition	  of	  HT-‐9	  (91354)	  steel	  irradiated	  in	  EBR=II	  to	  ~	  6	  
dpa	  at	  an	  irradiation	  temperature	  T	  =	  427oC	  [36].	  
	  
Table	  11:	  Results	  of	  impact	  tests	  performed	  on	  full	  size	  specimens	  of	  HT-‐9	  (91354)	  
steel	  irradiated	  in	  EBR-‐II	  to	  6	  dpa	  at	  427oC	  [36].	  
	  
Table	  12:	  Results	  of	  impact	  tests	  performed	  on	  12Cr-‐1MoVW	  steel	  (heat	  9607-‐R2)	  
steel	  irradiated	  in	  FFTF	  reactor	  to	  4	  dpa	  at	  365oC	  [37].	  
	  
Table	  13:	  Results	  of	  impact	  tests	  performed	  on	  12Cr-‐1MoVW	  steel	  (9607-‐R2)	  steel	  
irradiated	  in	  FFTF	  reactor	  to	  ~	  35	  dpa	  at	  420oC	  [38].	  
	  
Table	  14:	  HT-‐9	  steel	  chemical	  composition	  irradiated	  in	  BR2	  reactor	  [39].	  
	  
Table	  15:	  Results	  of	  impact	  tests	  performed	  on	  HT-‐9	  steel	  steel	  irradiated	  in	  BR2	  
reactor	  to	  ~	  2.47	  and	  3.7	  dpa	  at	  200oC	  [39].	  
	  



	   7	  

Table	  16:	  DBTT	  shifts	  in	  HT-‐9	  steel	  from	  ACO-‐3	  duct	  irradiated	  in	  FFTF	  [42].	  
	  
Table	  17:	  DBTT	  shifts	  reported	  in	  the	  literature	  described	  in	  this	  report.	  
	  
Annex	  Table:	  Alloy	  composition	  Limits	  for	  Austenitic	  Stainless	  Steel	  Tubing	  
	  



	   8	  

1.	  Introduction	  
	  

Among	  the	  degradation	  mechanisms	  induced	  in	  steels	  by	  fast	  neutron	  
irradiation,	  embrittlement	  is	  a	  major	  concern	  [3].	  In	  particular,	  ferritic/martensitic	  
(F/M)	  steels	  such	  as	  HT-‐9,	  are	  susceptible	  to	  brittle	  failure	  at	  low	  service	  
temperatures.	  A	  measure	  of	  the	  steel	  brittleness	  is	  given	  by	  the	  ductile-‐to-‐brittle	  
transition	  temperature	  (DBTT)	  shift	  and	  the	  change	  in	  the	  upper-‐shelf	  energy	  as	  a	  
function	  of	  neutron	  exposure	  and	  irradiation	  temperature.	  	  The	  upper	  shelf	  energy	  
(USE)	  is	  taken	  to	  be	  an	  indicator	  of	  the	  ductile	  fracture	  toughness.	  To	  determine	  
DBTT,	  impact	  tests	  are	  performed	  on	  Charpy-‐V	  notch	  (CVN)	  specimens	  heated	  at	  
different	  test	  temperatures	  in	  both	  the	  unirradiated	  and	  irradiated	  condition	  [4].	  	  In	  
the	  experiment,	  the	  amount	  of	  energy	  absorbed	  by	  the	  steel	  during	  fracture	  is	  
determined.	  The	  Charpy	  impact	  energy-‐temperature	  curve	  is	  used	  to	  determine	  
DBTT.	  Typically,	  the	  temperature	  at	  some	  arbitrary	  absorbed	  energy	  level	  is	  used	  as	  
a	  measure	  of	  the	  transition	  temperature,	  e.g.	  41	  Joule	  (30	  ft-‐lb)	  in	  a	  standard	  CVN	  
test	  [5].	  Irradiation	  embrittlement	  is	  usually	  characterized	  by	  the	  increase	  in	  DBTT,	  
namely	  a	  shift	  in	  DBTT	  (ΔTT	  or	  ΔDBTT)	  and	  a	  decrase	  in	  USE.	  Exposure	  is	  typically	  
measured	  in	  terms	  of	  fast	  fluence	  F(E	  >	  1	  MeV)	  or	  F(E	  >	  0.1	  MeV).	  Displacements	  
per	  atom	  (dpa)	  is	  a	  better	  gauge	  of	  damaging-‐neutron	  exposure,	  because	  by	  
definition	  it	  integrates	  the	  exposure	  over	  the	  entire	  neutron	  spectrum	  and	  gives	  a	  
measure	  of	  the	  total	  energy	  deposited	  in	  the	  specimen	  during	  irradiation	  [6,7].	  	  

High-‐chromium	  F/M	  steels	  have	  been	  extensively	  investigated	  for	  
applications	  in	  fast	  fission	  [2,	  8,	  9]	  and	  fusion	  reactor	  structures	  [10-‐12].	  In	  the	  
1970s,	  9-‐12%Cr	  steels	  were	  first	  considered	  for	  fast	  breeder	  fission	  reactors	  for	  fuel	  
element	  cladding	  and	  core	  structural	  components.	  Stainless	  steels	  were	  commonly	  
used	  at	  that	  time	  for	  in-‐core	  components.	  Radiation	  damage	  degraded	  the	  
performance	  of	  these	  steels.	  In	  particular,	  neutron	  irradiation	  induced	  void	  swelling	  
and	  creep,	  had	  a	  deleterious	  effect	  on	  dimensional	  stability,	  e.g.	  fuel	  subassembly	  
bowing,	  dilatation,	  length	  increase,	  etc.	  	  

F/M	  steels	  offered	  a	  new	  avenue	  with	  specific	  advantages.	  F/M	  steels	  showed	  
good	  properties	  of	  high	  swelling	  resistance	  to	  high	  dose	  in	  the	  temperature	  range	  
400-‐625oC	  [13]	  and	  high	  creep	  strength	  to	  550	  –	  600oC	  [3],	  which	  made	  them	  
attractive	  for	  use	  in	  the	  high	  temperature,	  high	  radiation	  regime	  of	  fast	  fission	  
environments.	  High	  resistance	  to	  void	  formation	  (~1.02%)	  was	  observed	  in	  12Cr-‐
1MoVW	  steels	  during	  irradiations	  at	  420oC	  to	  doses	  up	  to	  200	  dpa	  [14-‐16].	  Sandvik	  
HT-‐9	  steel	  (also	  known	  as	  12Cr-‐1MoVW,	  DIN	  X20CrMoVW12	  1)	  developed	  in	  
Sweden	  was	  retained	  as	  candidate	  steel	  in	  the	  US	  fast	  reactor	  program.	  HT-‐9	  was	  
successfully	  used	  for	  driver	  subassembly	  structural	  components,	  fuel-‐pin	  cladding	  
and	  wrappers/ducts	  in	  the	  Fast	  Flux	  Test	  Facility	  (FFTF)	  sodium-‐cooled	  fast	  
breeder	  reactor.	  Alloy	  composition	  limits	  for	  HT-‐9	  class	  of	  steels	  (Grade	  UNS	  
Designation	  S42100)	  is	  given	  in	  ASTM	  A771	  standard	  specification	  for	  Seamless	  
austenitic	  and	  martensitic	  stainless	  steel	  tubing	  for	  liquid	  metal-‐cooled	  reactor	  core	  
components,	  see	  Annex.	  	  

In	  the	  1980s,	  experimental	  data	  for	  HT-‐9	  steel	  was	  gathered	  from	  
evaluations	  performed	  for	  fusion	  programs.	  Sandvik	  HT-‐9	  was	  the	  first	  F/M	  steel	  
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considered	  in	  the	  US	  Fusion	  Materials	  Program	  [12].	  Fast	  reactor	  irradiations	  
showed	  that	  swelling	  was	  not	  expected	  to	  limit	  the	  fusion	  first	  wall	  (FW)	  lifetime	  of	  
150-‐200	  dpa,	  with	  the	  caveat	  that	  experiments	  in	  fast	  fission	  reactors	  could	  not	  
account	  for	  the	  higher	  Helium	  and	  Hydrogen	  production	  rates	  present	  in	  FW	  and	  
blanket	  structures.	  	  

At	  present,	  HT-‐9	  has	  been	  retained	  for	  possible	  use	  in	  the	  Gen4	  Module,	  a	  
Gen4energy	  next	  generation	  fast	  reactor	  design	  (www.gen4energy.com).	  Gen4	  
Module	  is	  a	  small,	  modular	  nuclear	  reactor,	  formerly	  known	  as	  Hyperion	  Power	  
Module	  (HPM)	  [17,18].	  HPM	  is	  a	  uranium	  nitride	  fueled,	  lead-‐bismuth	  cooled	  
nuclear	  reactor	  which	  has	  been	  designed	  to	  provide	  25	  Mw(e)	  for	  a	  10-‐year	  lifetime	  
without	  refueling.	  Fuel	  pellets	  are	  contained	  in	  HT-‐9	  cladding	  tubes	  exposed	  to	  LBE	  
core	  coolant	  temperatures	  ~	  500oC.	  	  

Radiation	  tolerance	  is	  a	  major	  factor	  in	  the	  selection	  of	  F/M	  steels	  as	  
candidate	  cladding	  and	  structural	  materials	  in	  advanced	  fast	  fission	  and	  fusion	  
reactors	  designs.	  As	  mentioned	  above,	  a	  most	  detrimental	  effect	  of	  neutron	  
bombardment	  is	  radiation	  hardening	  and	  embrittlement	  manifested	  in	  a	  
degradation	  of	  both	  DBTT	  and	  USE.	  To	  help	  in	  the	  prediction	  of	  irradiation	  effects	  
on	  F/M	  impact	  properties,	  experimental	  data	  has	  been	  gathered	  in	  the	  past	  decades	  
in	  several	  databases	  [5,19,20].	  A	  good	  example	  of	  the	  difficulties	  involved	  in	  
characterizing	  embrittlement	  behavior	  is	  summarized	  in	  Fig	  1	  where	  the	  
importance	  of	  alloy	  composition	  and	  neutron	  spectrum	  effects	  is	  underlined	  [5].	  

	  
Fig.	  1:	  DBTT	  shift	  in	  HT-9	  as	  a	  function	  of	  fluence	  and	  temperature.	  HT-9	  and	  9Cr-1Mo	  
steel	  irradiation	  response	  is	  compared	  [5].	  

	  
In	  the	  figure,	  impact	  properties	  degradation	  is	  given	  as	  a	  function	  of	  neutron	  

dose	  and	  temperature	  in	  two	  candidate	  F/M	  steels:	  HT-‐9	  (Fe-‐12Cr-‐1Mo-‐0.2C-‐	  0.5Ni-‐
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range of irradiation temperatures studied, and for light 
water reactor pressure vessels (LWRPV) steels irradia- 
ted largely at temperatures near 290 o C. 

In fewer instances fracture toughness has been mea- 
sured directly. For 2-12 Cr bainitic/martensitic steels, 
toughness has been determined in the ductile fracture 
regime by the J-R curve method (K,,) described previ- 
ously using miniature compact tension specimens 
[38-411, and by a dynamic method (KJd) using pre- 
cracked CVN specimens [42,43]. However, for the dy- 
namic method it was assumed that stable crack exten- 
sion was absent (tearing modulus, T= 0), and since this 
is not completely achieved even in highly irradiated 
steels, values determined for K,, may overestimate K,,. 
For LWRPV steels, valid K,, measurements have been 
made in the cleavage fracture regime as well as K,, 
measurements in the ductile fracture regime. Tech- 
niques to measure valid K and J values in the transi- 
tion regime are still a matter of some debate. Toughness 
measurements have been made on 2iCr bainitic steels 
irradiated at about 400” C, on 9-12 Cr martensitic 
steels irradiated over the temperature range 50-500 o C, 
and on LWRPV steels irradiated in the range 
250-300 Q C. 

For the bainitic/martensitic steels, tensile and/or 
hardness properties have also been determined at most 
irradiation conditions, and changes in these properties 
can be related to changes in the fracture/impact prop- 
erties (see below). For the LWRPV steels, the fraction 
of irradiation conditions at which tensile/ hardness data 
have been taken has been smaller historically, but the 
hardening data base is growing considerably [105]. 

3.2. Data trends - impact properties 

The change in Charpy impact properties in irradia- 
ted steels may be summarized as follows. Both the 
DBTT and the USE are degraded by irradiation; i.e., 
DB’IT is increased and USE is decreased with increas- 
ing neutron irradiation. However, the response observed 
is a function of the irradiation dose, the irradiation 
temperature, the alloy composition and the reactor neu- 
tron spectrum. Changes in DBTT and USE are collec- 
tively referred to as embrittlement. 

For bainitic alloys with chromium levels in the 2% 
range, few studies have been made of Charpy impact 
property response as a function of irradiation. In one 
study examining behavior after irradiation in the range 
320-490 o C to a low accumulated dose of lOi n/cm*, 
it was concluded that, although embrittlement was low, 
the responsible mechanism was different from that ef- 
fecting embrittlement under thermal aging conditions 
[78]. Steele et al. [44] found a shift in DBTT of 160°C 
in a 2Cr steel following irradiation below 140” C to 
1.1 X 10” n/cm2. In comparison, irradiations at about 
300 o C to doses as high as lo*’ n/cm* produced shifts 

of 80” C or less [45]. Therefore, it appears that 2Cr 
alloys can develop significantly larger shifts in DBTT at 
lower irradiation temperatures. However, much larger 
shifts in DBT’T can be anticipated for higher dose 
irradiations (10 ** n/cm*) in the 400 “C temperature 
range, based on observed large increases in yield strength 
due to precipitation (see below) [46,47]. 

Martensitic alloys with chromium levels in the range 
9 to 12% are found to undergo large shifts in DBTT and 
reductions in USE due to irradiation, but the behavior 
is dependent on alloy composition and irradiation tem- 
perature. At doses above 10 dpa, the primary compari- 
son has been between HT-9 (Fe-lZCr-lMo-O.ZC- 
0.5Ni-0.5Mn-0.5W-0.2V) and Modified 9Cr-1Mo 
(Fe-9Cr-lMo-O.lC-0.3V-0.15Nb). It has been shown 
that in the temperature range 390 to 600 o C, Modified 
9Cr-1Mo develops shifts of about 50 o C or less; whereas 
HT-9 can develop shifts of as much as 140 o C [48]. The 
largest shifts were found at the lowest test temperatures 
of the test series (390 o C), and saturation in the magni- 
tude of the shift was apparently achieved within 5 dpa 
for the 390 o C case. Concurrently, the USE was reduced 
by over 50% for HT-9 and over 30% for Modified 
9Cr-1Mo. In comparison, irradiation at 55°C (in a 
different reactor spectrum) resulted in reversed behav- 
ior, with the shift for Modified 9Cr-1Mo found to be 
double that of HT-9 (130 o C versus 70” C at 10 dpa) 
and concurrent reduction in USE of 50 and 30% re- 
spectively [49]. The shift in DBTT was directly propor- 
tional to observed hardness increases. At 55 o C. satura- 
tion had not occurred after 10 dpa, the highest fluence 
attained. The behavior is summarized in fig. 3 (from 
[50]). Testing in the intermediate temperature range 
between 55 and 390° C has thus far resulted in a 
smaller response [51]. A likely explanation is that 

1 5 0 1  I 1 

SCr-1Mo 

FLUENCE Idpa) 

Fig. 3. Shift in DBTT as a function of fluence for HT-9 and 
9Cr-1Mo. The 390-427 o C irradiated specimens of HT-9 show 

saturation at the largest fluence. 
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0.5Mn-‐0.5W-‐0.2V)	  and	  Modified	  9Cr-‐1Mo	  (Fe-‐9Cr-‐1Mo-‐0.1C-‐0.3V-‐0.15Nb).	  High	  
irradiation	  temperatures	  in	  the	  range	  of	  450oC	  –	  550oC	  induce	  small	  shifts	  in	  both	  
steels.	  HT-‐9	  steel	  irradiated	  up	  to	  26	  dpa	  at	  390-‐427oC	  shows	  large	  DBTT	  shifts	  	  (~	  
140oC)	  that	  saturate	  at	  relatively	  low	  doses	  (~	  5	  dpa).	  A	  concurrent	  reduction	  in	  
USE	  of	  over	  50%	  is	  observed	  [21].	  At	  lower	  irradiation	  temperatures	  (55oC),	  tests	  
performed	  on	  HT-‐9	  steel	  in	  a	  different	  neutron	  spectrum	  show	  that	  saturation	  has	  
not	  occurred	  after	  10	  dpa.	  	  

A	  significant	  difference	  in	  9Cr-‐1Mo	  steel	  impact	  behavior	  is	  observed	  at	  low	  
temperatures.	  At	  55oC,	  the	  shift	  in	  9Cr-‐1Mo	  is	  twice	  as	  large	  as	  that	  of	  HT-‐9,	  i.e.	  ~	  
130oC	  at	  10	  dpa	  for	  9Cr-‐1Mo	  (solid	  circles)	  as	  compared	  to	  70oC	  for	  HT-‐9	  (open	  
circles).	  The	  authors	  point	  out	  that	  explanations	  for	  the	  observed	  behavior	  are	  not	  
straightforward.	  	  

Clearly,	  extrapolations	  of	  impact	  properties	  to	  larger	  neutron	  dose	  or	  
different	  temperature	  ranges	  outside	  the	  experimental	  database	  are	  not	  trivial,	  
emphasizing	  the	  importance	  of	  understanding	  the	  physics	  behind	  the	  radiation	  
damage	  mechanisms	  to	  help	  develop	  predictive	  trendlines.	  Future	  advanced	  reactor	  
designs	  will	  make	  use	  of	  the	  collected	  database	  to	  infer	  mechanical	  properties	  for	  
candidate	  steels	  with	  established	  operating	  windows.	  The	  big	  challenge	  is	  to	  predict	  
materials	  irradiation	  response	  beyond	  these	  limits.	  

In	  an	  attempt	  to	  contribute	  to	  this	  end,	  we	  describe	  in	  the	  following	  section,	  
selected	  irradiation	  embrittlement	  data	  found	  in	  the	  literature	  for	  HT-‐9	  steel.	  The	  
study	  reveals	  particular	  gaps	  in	  the	  empirical	  knowledge	  available.	  This	  report	  
shows	  that	  for	  very	  low	  irradiation	  temperatures	  (<	  200oC)	  and	  very	  high	  radiation	  
exposure	  (>	  150	  dpa)	  data	  is	  scarce.	  Experimental	  findings	  indicate	  a	  saturation	  of	  
DBTT	  shifts	  as	  a	  function	  of	  dose,	  which	  could	  allow	  for	  long	  lifetime	  cladding	  
operation.	  However,	  a	  strong	  increase	  in	  DBTT	  shift	  with	  decreasing	  irradiation	  
temperature	  could	  compromise	  operation	  at	  low	  service	  temperatures.	  
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2.	  Embrittlement	  in	  HT-9	  Steels	  
	  

High	  fluence,	  high	  temperature	  data	  for	  HT-‐9	  steel	  was	  gathered	  in	  the	  AD-‐2	  
EBR-‐II	  irradiation	  campaign	  that	  started	  August	  1980	  and	  ended	  April	  1983.	  The	  
chemical	  composition	  of	  the	  HT-‐9	  heats	  used	  in	  the	  fabrications	  of	  specimens	  for	  the	  
AD-‐2	  experimental	  campaign	  is	  given	  in	  Table	  1,	  taken	  from	  Puigh	  et	  al.	  [22].	  	  
	  
Table	  1:	  HT-9	  chemical	  composition	  for	  heats	  91353	  and	  91354	  participating	  in	  AD-2	  
experiments	  in	  EBR-II	  [22].	  
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The	  purpose	  of	  the	  AD-‐2	  experiment	  in	  EBR-‐II	  was	  to	  provide	  baseline	  
mechanical	  property	  data	  for	  HT-‐9	  steel	  evaluated	  for	  potential	  use	  in	  first	  walls	  and	  
blanket	  of	  fusion	  reactors	  and	  for	  duct	  applications	  in	  liquid	  metal	  fast	  breeder	  
reactors.	  	  

Experimental	  campaign,	  test	  matrix	  and	  irradiation	  conditions	  are	  described	  in	  
[22-‐24].	  In	  1987,	  Hu	  et	  al.	  reported	  the	  analysis	  of	  AD-‐2	  experimental	  findings	  on	  
embrittlement	  response	  of	  HT-‐9	  irradiated	  to	  high	  neutron	  dose	  [21].	  Charpy	  tests	  
were	  performed	  on	  V-‐notch	  precracked	  specimens	  (5	  x	  5	  x	  23.6	  mm	  with	  a	  0.76	  mm	  
deep	  notch).	  These	  specimens	  were	  obtained	  from	  HT-‐9	  steel	  fabricated	  as	  follows:	  

	  
1) HT-‐9	  base	  metal	  from	  heat	  91354	  in	  a	  mill	  annealed	  condition	  (TT	  

series).	  The	  bar	  stock	  was	  hot	  worked	  after	  soaking	  at	  1149oC	  for	  a	  
minimum	  of	  1	  h,	  slow	  cooled	  by	  allowed	  to	  transform	  to	  martensite,	  then	  
tempered	  at	  750oC	  for	  1	  h	  and	  air	  cooled	  (AC).	  

2) HT-‐9	  base	  metal	  from	  heat	  91354	  (KT	  series),	  with	  a	  heat	  treatment	  of	  
1038	  oC/10	  min/AC	  +	  760oC/30	  min/AC	  	  
	  

All	  specimens	  were	  fabricated	  from	  the	  same	  heat	  (91354)	  but	  received	  
different	  heat	  treatment,	  with	  KT	  series	  having	  an	  annealing	  treatment	  at	  lower	  
temperature	  (1038oC	  compared	  to	  1149oC)	  for	  a	  shorter	  time	  (10	  min	  compared	  to	  
1	  h).	  Tempering	  was	  similar	  for	  both	  series	  (760oC	  for	  30	  min	  compared	  to	  750oC	  
for	  1h).	  	  

Specimens	  of	  the	  TT	  series	  were	  fabricated	  from	  bar	  stock	  in	  the	  C-‐R	  
orientation	  while	  specimens	  of	  the	  KT	  series	  were	  fabricated	  from	  plate	  stock	  with	  
the	  crack	  plane	  oriented	  in	  the	  T-‐L	  direction.	  Specimens	  from	  the	  TT	  series	  were	  
irradiated	  to	  ~	  26	  dpa	  (6	  x	  1022	  n/cm2)	  and	  specimens	  from	  the	  KT	  series	  were	  
irradiated	  to	  ~	  13	  dpa	  (3	  x	  1022	  n/cm2).	  Irradiation	  temperatures	  were	  in	  the	  range	  
of	  390	  to	  550oC.	  	  

Shifts	  in	  DBTT	  were	  measured	  with	  respect	  to	  the	  non-‐irradiated	  condition	  
(labeled	  “control”	  in	  Fig.	  2)	  with	  DBTT	  defined	  as	  the	  inflexion	  point	  on	  the	  curve.	  
Fig.	  1	  shows	  that	  lower	  irradiation	  temperatures	  induce	  larger	  shifts	  in	  DBTT	  in	  HT-‐
9	  (TT	  series)	  specimens.	  	  

Also,	  a	  net	  upper	  shelf	  energy	  (USE)	  reduction	  is	  observed,	  with	  the	  
reduction	  being	  the	  same	  (53%)	  for	  all	  irradiation	  temperatures.	  After	  an	  
irradiation	  to	  26	  dpa	  at	  a	  temperature	  of	  390oC,	  the	  measured	  DBTT	  is	  149oC	  (open	  
circles)	  leading	  to	  a	  DBTT	  shift	  equal	  to	  144oC.	  The	  DBTT	  shift	  for	  an	  irradiation	  at	  
550oC	  is	  only	  41oC.	  	  
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Fig.	  2:	  Charpy	  impact	  test	  results	  on	  HT-9	  base	  metal	  irradiated	  to	  26	  dpa	  [21].	  	  
	  

Fig.	  3	  shows	  Charpy	  test	  results	  for	  HT-‐9	  specimens	  (KT	  series)	  irradiated	  to	  
lower	  fluence	  (13	  dpa).	  A	  similar	  trend	  of	  larger	  DBTT	  shifts	  at	  lower	  irradiation	  
temperatures	  and	  net	  decrease	  in	  USE	  is	  observed.	  	  

	  	  	  	   	  
Fig.	  3:	  Charpy	  impact	  test	  results	  on	  HT-9	  base	  metal	  irradiated	  to	  13	  dpa	  [21].	  
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As	  expected,	  the	  reduction	  of	  USE	  at	  13	  dpa	  is	  smaller	  reaching	  only	  36%	  for	  

the	  irradiation	  at	  the	  lowest	  irradiation	  temperature	  (390oC)	  or	  12%	  for	  the	  
irradiations	  at	  450oC	  and	  550oC.	  Lower	  neutron	  fluence	  translates	  into	  smaller	  
DBTT	  shifts	  for	  a	  given	  irradiation	  temperature,	  e.g.	  at	  a	  temperature	  of	  390oC	  the	  
measured	  DBTT	  shift	  is	  only	  89oC	  after	  exposure	  to	  13	  dpa	  (open	  circles	  in	  Fig.	  3)	  
while	  it	  is	  144oC	  after	  exposure	  to	  26	  dpa	  (open	  circles	  in	  Fig.	  2).	  Table	  2	  gives	  HT-‐9	  
DBTT	  and	  shift	  in	  DBTT	  as	  well	  as	  USE	  reduction	  for	  each	  irradiation	  condition	  
shown	  in	  Figs.	  2	  and	  3.	  

	  
Table	  2:	  Impact	  tests	  performed	  on	  HT-9	  base	  metal	  after	  irradiation	  in	  EBR-II	  (AD-2	  
irradiation	  campaign)	  [21].	  

Dose  
(dpa) 

Irradiation 
Temperature 

(oC) 

DBTT 
(oC) 

Shift in DBTT 
(oC) 

USE reduction 
(%) 

13 390 94 89 36 
13 450 -8 -13 12 
13 550 14 9 12 
26 390 149 144 53 
26 450 63 59 53 
26 500 48 43 53 
26 550 46 41 53 

Note:	  DBTT	  is	  defined	  as	  the	  inflection	  point	  in	  the	  curves	  displayed	  in	  Figs.	  2	  and	  3.	  
	  
Effects	  of	  irradiation	  temperature	  and	  fluence	  on	  HT-‐9	  DBTT	  shift	  are	  

compared	  to	  those	  obtained	  for	  9Cr-‐1Mo	  steel	  in	  Fig.	  4.	  	  	  

	  	  
Fig.	  4:	  Irradiation	  temperature	  and	  dose	  effects	  on	  DBTT	  shifts	  in	  HT-9	  and	  9Cr-1Mo	  
[21].	  
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Note	  that	  the	  shift	  in	  DBBT	  does	  not	  go	  to	  zero	  at	  450,	  500	  and	  550oC	  for	  

HT9.	  This	  effect	  is	  attributed	  to	  precipitate	  coarsening	  during	  irradiation	  at	  high	  
temperatures.	  The	  difference	  in	  behavior	  is	  attributed	  to	  different	  precipitate	  
structure	  in	  HT-‐9	  and	  9Cr-‐1Mo.	  

The	  data	  reported	  in	  [21]	  suggest	  that	  9Cr-‐1Mo	  steels	  show	  enhanced	  
resistance	  to	  irradiation	  embrittlement.	  Lower	  DBTT	  shift	  at	  lower	  irradiation	  
temperatures	  and	  lower	  DBTT	  shifts	  as	  a	  function	  of	  neutron	  dose	  is	  observed	  for	  
9Cr-‐1Mo	  as	  compared	  to	  HT-‐9	  steels,	  as	  shown	  in	  Fig.	  5.	  The	  figure	  indicates	  a	  
possible	  saturation	  as	  a	  function	  of	  dose.	  A	  similar	  behavior	  has	  been	  observed	  in	  
reactor	  pressure	  vessel	  (RPV)	  steels	  [25].	  DBTT	  shift	  data	  obtained	  for	  RPV	  steels	  
suggests	  that	  materials	  brittleness	  saturates	  at	  large	  fluence,	  DBTT	  shift	  has	  been	  
found	  to	  follow	  a	  power	  law	  ΔTT	  ~	  F(E	  >	  1	  MeV)n	  ;	  typically	  n	  ~	  0.5	  .	  Also,	  Charpy	  
data	  obtained	  for	  RPV	  steels	  at	  very	  low	  dose	  suggest	  that	  as	  irradiation	  
temperature	  decreases	  the	  shift	  in	  DBTT	  increases	  but	  saturates	  at	  maximum	  value	  
of	  ~	  150oC	  [26].	  	  

Saturation	  of	  DBTT	  shift	  as	  irradiation	  temperature	  decreases	  has	  not	  been	  
fully	  established	  in	  HT-‐9	  steel.	  As	  shown	  in	  Fig.	  5,	  irradiation	  experiments	  to	  larger	  
fluence/dpa	  values	  are	  needed	  to	  establish	  a	  trend	  for	  HT-‐9.	  	  

	  

	  
Fig.	  5:	  Neutron	  exposure	  effects	  on	  DBTT	  shifts	  are	  larger	  in	  HT-9	  than	  9Cr-1Mo	  
irradiated	  at	  the	  same	  low	  irradiation	  temperature	  (390oC).	  
	  

Experimental	  data	  reported	  in	  Fig.	  4	  show	  that	  the	  maximum	  DBTT	  shift	  
observed	  in	  HT-‐9	  specimens	  is	  144oC	  for	  the	  worst-‐case	  scenario,	  i.e.	  at	  the	  lowest	  
irradiation	  temperature	  (390oC)	  and	  the	  highest	  exposure	  (26	  dpa).	  Fig.	  4	  
emphasizes	  the	  relevance	  of	  experimental	  data	  obtained	  at	  lower	  irradiation	  
temperatures	  (Tirr	  <	  390oC)	  and	  higher	  fluence	  values	  (>	  26	  dpa).	  
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Results	  reported	  in	  Figs.	  2-‐4,	  confirmed	  previous	  investigations	  performed	  
by	  Hu	  in	  1981.	  As	  shown	  in	  Fig.	  6,	  similar	  low	  temperature	  embrittlement	  
irradiation	  response	  was	  obtained	  in	  previous	  Charpy	  tests	  performed	  on	  HT-‐9	  base	  
metal	  irradiated	  in	  EBR-‐II	  at	  temperatures	  in	  the	  range	  390oC	  and	  550oC	  and	  13	  dpa	  
[27].	  Specimens	  irradiated	  at	  390,	  450,	  500	  and	  550°C	  have	  a	  shift	  in	  DBTT	  of	  124,	  
27,	  33	  and	  57oC,	  respectively	  and	  ~	  40%	  average	  reduction	  in	  USE.	  

	  
Table	  3:	  	  Impact	  tests	  performed	  on	  HT-9	  base	  metal	  after	  irradiation	  in	  EBR-II	  [27].	  

Dose 
(dpa) 

Irradiation 
Temperature 

(oC) 

DBTT 
(oC) 

Shift in DBTT  
(oC) 

USE 
reduction 

(%) 
13 390 129 124 49 
13 450 31 27 35 
13 500 37 33 36 
13 550 61 57 43 
	  

	   	  
Fig.	  6:	  DBTT	  measurements	  as	  a	  function	  of	  test	  temperature	  in	  HT-9	  base	  metal	  
irradiated	  in	  EBR-II	  to	  13	  dpa	  [27]	  
	  

Fig.	  7	  gives	  a	  summary	  of	  the	  effects	  of	  irradiation	  temperature	  on	  HT-‐9	  
DBTT	  shift	  after	  irradiation	  to	  13	  dpa	  obtained	  by	  Hu	  et	  al.	  [21,	  27].	  The	  
embrittlement	  behavior	  is	  similar	  with	  lower	  irradiation	  temperatures	  inducing	  
larger	  shifts	  in	  DBTT.	  The	  differences	  that	  appear	  could	  be	  linked	  to	  HT-‐9	  
fabrication/processing;	  according	  to	  the	  authors	  these	  might	  have	  played	  a	  role	  in	  
the	  embrittlement	  response	  of	  HT-‐9	  steel.	  	  

.	  
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Fig.	  7:	  Shifts	  in	  DBTT	  in	  HT-9	  steel	  irradiated	  at	  13	  dpa.	  	  The	  difference	  in	  HT-9	  steel	  
response	  could	  be	  ascribed	  to	  different	  thermal	  treatment	  with	  a	  possible	  effect	  of	  the	  
rolling	  direction	  [21,27].	  
	  
	  

In	  	  1981,	  Hu	  also	  obtained	  Charpy	  data	  for	  welds	  [27].	  Properties	  of	  welds	  
under	  irradiation	  were	  shown	  not	  to	  change	  significantly.	  Welds	  and	  heat	  affected	  
zone	  (HAZ)	  DBTT	  response	  under	  irradiation	  was	  investigated	  at	  temperatures	  of	  
390,	  450,	  500,	  and	  550oC	  to	  a	  dose	  of	  13	  dpa.	  	  It	  was	  observed	  that	  DBTT	  of	  welds	  
and	  HAZ	  where	  the	  same	  or	  slightly	  lower	  than	  that	  of	  the	  base	  metal	  [27].	  This	  
result	  indicated	  that	  HT-‐9	  steel	  could	  be	  used	  in	  fusion	  first	  wall	  applications	  
without	  suffering	  a	  major	  degradation	  in	  performance	  due	  to	  the	  presence	  of	  welds.	  

In	  1987,	  Corwin	  et	  al.	  [28]	  reported	  impact	  test	  results	  of	  12Cr-‐1MoVW	  steel	  
irradiated	  in	  the	  fast	  spectrum	  EBR-‐II	  reactor	  to	  comparable	  dose	  (~	  12	  dpa)	  with	  
Helium	  levels	  <	  1	  ppm	  obtaining	  results	  similar	  to	  those	  reported	  by	  [21].	  The	  
chemical	  composition	  of	  12Cr-‐1MoVW	  (heat	  XAA-‐3587	  containing	  0.43%	  Ni)	  used	  
in	  these	  experiment	  is	  given	  in	  Table	  4.	  Note	  that	  heat	  XAA-‐3587	  conforms	  to	  ASTM	  
771	  standard,	  which	  specifies	  Ni	  0.30-‐0.80wt%	  for	  this	  class	  of	  steels	  (S42100).	  
Heat	  XA-‐3587	  was	  prepared	  by	  Combustion	  Engineering,	  Inc.	  Chattanooga,	  
Tennessee.	  Other	  heats	  with	  1%	  and	  2%Ni	  content	  also	  participated	  in	  the	  
experiment.	  	  

Nominal	  heat	  treatment	  of	  normalizing	  and	  tempering	  conditions	  were	  
selected,	  i.e.	  30	  min	  at	  1050oC/air	  cooled	  (AC)	  followed	  by	  2.5h	  at	  780oC/AC.	  Half-‐
size	  specimens	  were	  used	  in	  the	  experiment.	  DBTT	  was	  determined	  based	  on	  the	  
5.5-‐J	  index,	  which	  corresponds	  after	  volumetric	  scaling	  to	  the	  indexing	  values	  of	  41	  J	  
[29].	  	  
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Table	  4:	  	  Composition	  of	  12Cr-1MoVW	  heats	  of	  steel	  used	  in	  impact	  tests	  

performed	  after	  irradiation	  in	  EBR-II	  to	  12	  dpa	  [28].	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  
	  
Fig.	  8	  and	  Table	  5	  show	  that	  irradiation	  at	  390oC	  to	  a	  fluence	  F(E	  >	  0.1	  MeV)	  

~	  2.5	  x	  1026	  n/m2	  which	  corresponds	  to	  a	  displacement	  damage	  of	  ~12	  dpa	  
produced	  a	  shift	  in	  DBTT	  of	  127oC	  in	  12Cr-‐1MoVW.	  Also,	  a	  decrease	  in	  USE	  from	  26	  J	  
to	  13	  J	  is	  observed.	  	  

Two	  groups	  of	  specimens	  were	  prepared	  to	  separately	  study	  thermal	  aging	  
and	  irradiation	  effects.	  A	  group	  of	  specimens	  was	  aged	  at	  temperatures	  similar	  to	  
the	  irradiation	  temperature	  for	  aging	  times	  similar	  to	  the	  irradiation	  time.	  	  

As	  shown	  in	  Fig.	  8,	  only	  minor	  aging	  effects	  are	  found.	  After	  aging	  12Cr-‐
1MoVW	  steel	  at	  400oC	  for	  5000	  h	  impact	  tests	  results	  indicate	  a	  shift	  in	  DBTT	  of	  
only	  14oC.	  The	  authors	  report	  that	  addition	  of	  Ni	  was	  found	  not	  to	  significantly	  
influence	  radiation	  induced	  changes.	  

	  
	  

Table	  5:	  	  Impact	  tests	  performed	  on	  12Cr-1MoVW	  steel	  before	  and	  after	  irradiation	  in	  
EBR-II	  to	  12	  dpa	  at	  390oC	  [28].	  

	  
Dose 
(dpa) 

Irradiation 
Temperature 

(oC) 

DBTT  
(oC) 

Shift in DBTT 
(oC) Indexed at USE 

0   -58     26 
12 390 92 127 5.5 J 13 
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Fig.	  8:	  Impact	  tests	  in	  12Cr-1MoVW	  (XAA-3587)	  steel	  in	  the	  unirradiated	  and	  annealed	  
conditions	  and	  irradiated	  at	  390oC	  to	  12	  dpa	  in	  EBR-II	  [28].	  	  	  

	  
	  
HT-‐9	  base	  metal	  DBTT	  response	  for	  larger	  dose	  values	  was	  reported	  in	  1994	  

[30].	  Chemical	  composition	  of	  HT-‐9	  steel	  used	  in	  this	  investigation	  is	  reported	  in	  
Table	  6	  [31].	  

	  
Table	  6:	  Chemical	  composition	  of	  HT-9	  steel	  irradiated	  in	  Phenix	  to	  110	  dpa	  and	  
temperatures	  in	  the	  range	  of	  400-520oC	  [31].	  

	  
	  
According	  to	  the	  authors,	  HT-‐9	  normalization	  at	  1050oC/30	  min	  followed	  by	  

tempering	  at	  780oC/2.5h	  lead	  to	  a	  fine	  lath	  martensitic	  structure.	  HT-‐9	  Charpy	  
specimens	  (length	  55	  mm,	  width	  10	  mm,	  thickness	  3.5	  mm)	  were	  machined	  in	  the	  
longitudinal	  (L)	  and	  transversal	  (T)	  direction	  of	  cold	  rolling.	  Fig.	  9	  illustrates	  the	  
irradiation	  temperature	  dependence	  of	  DBTT	  measured	  in	  HT-‐9	  steel	  exposed	  to	  a	  
dose	  of	  110	  dpa	  in	  Phenix	  reactor.	  	  Values	  given	  in	  Table	  7	  are	  taken	  from	  Fig.	  9.	  
These	  results	  agree	  with	  previous	  observations,	  i.e.	  lower	  irradiation	  temperatures	  
lead	  to	  larger	  shifts	  in	  DBTT.	  
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Table	  7:	  Results	  of	  impact	  tests	  performed	  on	  HT-9	  steel	  irradiated	  in	  Phenix	  to	  110	  
dpa	  and	  temperatures	  in	  the	  range	  of	  400-520oC	  [31].	  

Dose 
(dpa) 

Irradiation 
Temperature 

(oC) 

DBTT0  
(oC) 

DBTT 
(oC) 

Shift in DBTT 
(oC) Orientation 

110 400 -42 115 157 T 
110 520 -42 43 85 T 
110 420 -40 57 97 L 
110 470 -40 22 62 L 
	  
In	  Fig.	  9,	  HT-‐9	  response	  can	  be	  compared	  to	  that	  of	  different	  F/M	  steels	  (HT-‐

9,	  T91,	  EM10,	  EM12,	  F17,	  and	  1.4914)	  also	  irradiated	  in	  Phenix	  to	  different	  doses.	  	  
HT-‐9	  steel	  in	  the	  L-‐orientation	  (open	  squares)	  shows	  the	  highest	  DBTT	  value	  of	  ~	  
115oC,	  corresponding	  to	  the	  highest	  shift	  in	  DBTT;	  i.e.	  ~157oC	  after	  exposure	  to	  110	  
dpa	  at	  an	  irradiation	  temperature	  of	  400oC.	  Note	  the	  poor	  embrittlement	  response	  
of	  the	  fully	  ferritic	  unstabilized	  F17	  (17Cr,	  0.06C)	  irradiated	  to	  91	  dpa	  with	  the	  
largest	  DBTT	  values	  (dashed	  line).	  The	  authors	  underline	  the	  particularly	  good	  
behavior	  of	  fully	  martensitic	  EM10	  steel	  (8.8	  wt%	  Cr),	  which	  shows	  DBTT	  values	  
that	  are	  always	  below	  room	  temperature	  (bottom	  dotted	  line).	  

	  

	  
	  
Fig.	  9:	  DBTT	  as	  a	  function	  of	  irradiation	  temperature	  for	  HT-9	  steel	  irradiated	  to	  a	  
dose	  of	  110	  dpa	  in	  Phenix	  fast	  breeder	  reactor	  [30].	  Doses	  for	  other	  steels	  are	  91	  dpa	  
for	  F17,	  33	  dpa	  for	  EM12,	  109	  dpa	  for	  1.4914,	  68	  dpa	  for	  T91	  and	  97	  dpa	  for	  EM10.	  
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Fig. 1. 0.2% proof stress (RN,J measured with flat specimens 
on as-received, aged and irradiated EM10 as a function of test 
temperature. In this graph the irradiation and ageing temper- 
atures are equal to the test temperature. Irradiation and 
ageing times are approximately the same (5.7 and 5.4 X IO’ s). 

the same unirradiated as-received and thermal-aged 
controls. 

Tensile and Charpy specimens design and experi- 
mental procedure for testing and analysing the results, 
has been already described in several pubiications f3,4]. 
Flat tensile specimens (gauge length of 7.5 mm and 

cross section of 3.5 x 1.5 m&f are machined from 
wrappers and cylindrical ones (gauge length I2 mm 
and gauge diameter 2 mm) are used in the experimen- 
tal capsules. This section deals with flat specimens and 
sectian 3 with the cylindrical ones. The tensile tests 
were performed at a strain rate of 3 x lo-’ s-l on 
specimens machined in the longitudinal direction of 
cold-rolling. For the Charpy specimens (length 55 mm, 
width 10 mm, thickness 3.5 mm), both of the directions 
(transverse and langitudinal} were investigated. 

Summarizing the works already presented in previ- 
ous papers (J.L. S&an in Refs. [1,3]), the swelling 
results obtained an EMlO, EM12 and F17 emphasize 
the following points: 
- In the investigated 673-873 K temperature range 
and up to IOU dpa (NRT scale for all this paper), the 
maximum volume swelling rate is observed at 673 K 
and is of the order of IO-’ per dpa, that is consistent 
with the well known excellent swelling resistance of 
this class af materiais [l-3,5-9]. 
- F&y martensitic EM10 swells less than ferritic- 
martensitic or fully ferritic steels, that is consistent 
with the observations made on another fully marten- 
sitic commercial nuance, the FV448 [S]. 

8 RI L t-d 
--.r-..EMlO (L) 

m EM12 (T) 0 1.4914 A EM10 (T) 

350 400 450 Xl0 550 600 
IRRADIATIUN ~MPERA~RE (“Cf 

Fig. 2. Evolution with irradiation temperature, of the DBTT measured on different ferritic-martensitic steels irradiated in PhCnix 
up to the following doses: 91 dpa for F17,llO dpa for Hl9, 109 dpa for 1.4914,68 dpa for T91 and 97 dpa for EMlO. Two types of 
Charpy specimen are investigated: Sample machined in the longitudinal (L) and transverse (T) directions of cold rolling. Generally, 
the longitudinal direction of sampling is related to a lower Charpy embrittlement [3]. 
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Embrittlement	  effects,	  measured	  in	  terms	  of	  DBTT	  shift,	  tend	  to	  vanish	  as	  

irradiation	  temperature	  increases,	  e.g.	  Fig.	  10	  shows	  that	  after	  irradiation	  to	  110	  
dpa	  in	  Phenix	  reactor,	  DBTT	  shift	  for	  HT-‐9	  in	  the	  L-‐orientation	  is	  only	  ~43oC	  when	  
irradiated	  at	  520oC	  and	  increases	  to	  ~157oC	  when	  irradiated	  at	  400oC.	  	  

	   	  
Fig.	  10:	  Effect	  of	  irradiation	  temperature	  on	  DBTT	  shift	  in	  HT-9	  specimens	  in	  T	  and	  L	  
orientation	  irradiated	  in	  Phenix	  reactor	  to	  110	  dpa.	  
	  
	  

12Cr-‐1MoVW	  steel	  specimens	  were	  also	  irradiated	  in	  materials	  testing	  
reactors	  (MTS)	  such	  as	  the	  High	  Flux	  Isotope	  Reactor	  (HFIR)	  [32,33].	  Irradiations	  at	  
400°C	  to	  a	  dose	  of	  ~	  40	  dpa	  produced	  shifts	  in	  DBTT	  of	  242°C.	  	  The	  very	  large	  shift	  
obtained	  is	  attributed	  to	  the	  high	  helium	  concentration	  generated	  during	  the	  
irradiation	  under	  HFIR	  mixed-‐spectrum.	  	  

A	  fast	  reactor	  has	  a	  “harder”	  neutron	  spectrum,	  i.e.	  only	  small	  amounts	  of	  
helium	  (<	  1	  appm)	  will	  form	  in	  12Cr-‐1MoVW	  steels	  in	  a	  fast	  reactor.	  The	  question	  
could	  be	  raised	  on	  how	  representative	  irradiations	  in	  MTS	  reactors	  are	  to	  evaluate	  
steel	  embrittlement	  in	  fast	  reactors.	  Note	  that	  ASTM	  guidelines	  for	  RPV’s	  
embrittlement	  determination	  recommend	  the	  use	  of	  DBTT	  shifts	  obtained	  from	  
surveillance	  specimen	  Charpy	  V-‐notch	  tests.	  
	   	  

As	  mentioned	  above,	  experiments	  at	  low	  irradiation	  temperatures	  are	  of	  
crucial	  importance	  to	  determine	  safe	  operation	  at	  low	  service	  temperatures.	  
Experiments	  at	  365oC	  were	  performed	  in	  the	  Fast	  Flux	  Test	  Facility	  FFTF	  [34].	  
Specimens	  were	  irradiated	  in	  the	  materials	  open	  test	  assembly	  (MOTA).	  Charpy	  
tests	  were	  performed	  on	  half-‐size	  specimens	  of	  normalized	  and	  tempered	  HT-‐9	  
steel	  (heat	  9607-‐R2)	  with	  chemical	  composition	  given	  in	  Table	  8.	  
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Table	  8:	  Chemical	  composition	  of	  HT-9	  steel	  irradiated	  in	  FFTF	  to	  10	  and	  17	  dpa	  at	  an	  
irradiation	  temperature	  T	  =	  365oC	  [34].	  

	  
Fig.	  11	  and	  Table	  9	  show	  the	  results	  obtained	  after	  exposure	  to	  10	  and	  17	  

dpa.	  A	  shift	  in	  DBTT	  of	  161oC	  is	  obtained	  for	  both	  fluence	  values	  indicating	  
saturation	  in	  the	  shift	  with	  increasing	  fluence.	  
	  
Table	  9:	  Results	  of	  impact	  tests	  performed	  on	  half	  size	  specimens	  of	  HT-9	  steel	  
irradiated	  in	  FFTF	  to	  10	  and	  17	  dpa	  and	  365oC	  [34].	  

Dose 
(dpa) 

Irradiation 
Temperature 

(oC) 

DBTT0 
(oC) 

DBTT 
(oC) Shift in DBTT  

(oC) 

USE 
(J) 

0  -19   20.8 
10 365  142 161 11.4 
17 365  142 161 10.0 

	  
In	  general,	  impact	  values	  of	  DBTT	  obtained	  with	  half-‐size	  specimens	  are	  not	  

always	  directly	  comparable	  to	  those	  from	  standard-‐sized	  specimens	  (length	  10	  mm,	  
width	  10	  mm,	  thickness	  50	  mm).	  Note	  that	  in	  the	  case	  of	  12Cr-‐1MoVW	  steels	  [5,	  28,	  
34]	  and	  in	  RPV	  steels	  [35]	  the	  shift	  in	  DBTT	  has	  been	  found	  not	  to	  be	  sensitive	  to	  
specimen	  size	  and	  geometry.	  Therefore,	  the	  impact	  energy	  data	  depicted	  in	  Fig.	  11	  is	  
valuable	  for	  trendline	  assessments.	  	  

	  
	  Fig.	  11:	  Charpy	  curves	  for	  half-size	  specimens	  of	  12Cr-1MoVW	  steel	  before	  and	  after	  
irradiation	  to	  10	  and	  17	  dpa	  at	  365oC	  in	  FFTF	  [34].	  
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Similar	  DBTT	  shifts	  were	  obtained	  for	  HT-‐9	  specimens	  irradiated	  in	  EBR-‐II	  to	  

~	  6	  dpa	  at	  an	  irradiation	  temperature	  of	  427oC	  [36].	  Specimens	  were	  fabricated	  
from	  3.3	  cm	  diameter	  HT-‐9	  rod	  stock	  from	  Carpenter	  Technology.	  	  The	  HT-‐9	  (melt	  
91354)	  chemical	  composition	  is	  given	  in	  Table	  10.	  Heat	  treatment	  consisted	  of	  
solution	  anneal	  at	  1050oC	  for	  30	  min/AC	  and	  tempering	  at	  780oC	  for	  2.5	  h/AC.	  The	  
authors	  mention	  that	  this	  heat	  treatment	  is	  considered	  representative	  of	  
commercial	  practice	  for	  HT-‐9	  for	  high	  temperature	  service.	  	  
	  
Table	  10:	  Chemical	  composition	  of	  HT-9	  (91354)	  steel	  irradiated	  in	  EBR-II	  to	  ~	  6	  dpa	  
at	  an	  irradiation	  temperature	  T	  =	  427oC	  [36].	  

	  
	  

During	  the	  experiment,	  samples	  were	  in	  direct	  contact	  with	  the	  EBR-‐II	  
reactor	  coolant	  (flowing	  sodium).	  Impact	  test	  results	  for	  the	  irradiated	  and	  non-‐
irradiated	  condition	  are	  shown	  in	  Fig.	  12.	  Open	  circles	  correspond	  to	  the	  non-‐
irradiated	  as-‐received	  condition.	  Open	  triangles	  correspond	  to	  impact	  tests	  of	  
specimens	  irradiated	  in	  EBR-‐II	  after	  an	  exposure	  to	  F(E	  >	  0.1	  MeV)	  ~	  1	  x	  1022	  n/m2	  
(~	  6	  dpa)	  at	  427oC.	  A	  DBTT	  shift	  of	  108oC	  is	  observed	  from	  Charpy	  impact	  energy-‐
temperature	  curves	  indexed	  at	  41	  J	  absorbed	  energy.	  	  This	  shift	  is	  similar	  to	  
previous	  findings.	  USE	  decrease	  is	  also	  observed.	  	  

Also,	  impact	  tests	  on	  specimens	  thermally	  aged	  for	  5000	  h	  are	  shown	  in	  Fig.	  
12	  for	  two	  different	  aging	  temperatures	  427oC	  (solid	  circles)	  and	  538oC	  (solid	  
squares).	  As	  indicated	  in	  Fig.	  10,	  aging	  to	  538oC	  for	  5000	  h	  induced	  a	  shift	  in	  DBTT	  
of	  ~	  39oC.	  Extension	  to	  11,000	  h	  of	  aging	  time	  produced	  no	  further	  shift	  in	  the	  
transition	  temperature.	  
	  
Table	  11:	  Results	  of	  impact	  tests	  performed	  on	  full	  size	  specimens	  of	  HT-9	  (91354)	  
steel	  irradiated	  in	  EBR-II	  to	  6	  dpa	  at	  427oC	  [36].	  
	   	  

Dose 
(dpa) 

Irradiation 
Temperature 

(oC) 

Shift in DBTT  
(oC) 

Indexed 
at 

6 427 108 41 J 
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EVALUATION OF FRACTURE RESISTANCE OF FERRITIC STAINLESS STEELS 
FOR FIRST WALL AND BLANKET APPLICATIONS 

J. R. Hawthorne and F. A. Smidt, Jr. 
Naval Research Laboratory 

Washington, DC, USA 

Notch ductility and fracture toughness properties of two ferritic stainless steels were 
investigated to explore the potential of this class of materials for fusion reactor applications. 
Alloy HT-9, a l2Cr composition, was evaluated in as-heat treated, thermally aged, and neutron 
irradiated conditions; Alloy SCt-1Mo (Mod.) was tested in the as-heat treated condition only. 
Fatigue precracked Charpy-V and compact tension tests in combination with J-integral 
assessment procedures were used to establish dynamic fracture toughness, crack initiation 
toughness, and the J-Resistance curve. 
Re&lts for both alloys indicate high preirradiation iracture resistance. In addition, the Alloy 
HT-9 exhibited relativelv hiah resistance to 420 C neutron irradiation: Drooertv chancres 
appeared related to radiation-~rdeni~ and radiation-enhanced temper em~~i~tl~rne~t. Co&e- 
lations between notch ductility and fracture toughness trends were material dependent. 

1. INTRODUCTION 

Ferritic stainless steels currently are being consid- 
ered for possible first wall and blanket applications in 
magnetic fusion reactors. Present interest in this 
class of materials stems in part from observations of 
excellent resistance to radiation-induced swelling and 
low creep rates under neutron irradiation in Alloy 
HT-9, a 12Cr-1Mo composition [l-3]. Fracture resist- 
ance qualities before and after elevated temperature 
irradiation have not been established however. This 
study explores the notch ductility and fracture tough- 
ness properties of two ferritic stainless steels, Alloy 
HT-9 and Alloy SCr-IMo (Modified), in response to 
the need for trend information. 

2. APPROACH 

Notch ductility properties were established experi- 
mentally using full size Charpy V-notch (Cvf speci- 
mens (ASTM Type A) f41; dynamic and static fracture 
toughness properties were determined with fatigue 
precracked Charpy-V (PCC ) specimens and 12.7 mm 
thick compact tension (CTT specimens, respectively, 
together with J-integral assessment procedures [5,6]. 
In terms of material application, the value of J is a 
measure of the intensity of the stress-strain field in 
the vicinity of a crack. Material resistance to crack 
extension depends .on the relative value of the J 
integral; crack stability in the stress-strain field in 
turn depends on the slope of the J-Resistance curve 
[71. Notch ductility tests, in contrast, primarily 
determine the locus of the brittle-to-ductile transi- 
tion temperature, reflecting the fracture mode tran- 
sition from cleavage to shear failure. In this study, 
the J-Resistance curve (i.e., J-R curve) was deter- 
mined for the static loading ease using the CT 
specimen. The single specimen unloading compliance 
method was employed so that full R-curve definition 
was possible from each specimen test [61. 

rials included 3.3 cm diameter rod stock from Car- 
penter Technology Melt 91354 and 1.27 cm plate from 
Electralloy Melt 9-607. The Electroalloy melt also is 
identified as the DOE Fusion Materials Program 
reference melt. Melt 91354 was refined by VIM + 
VAR procedures; melt S-607 represents AOD prac- 
tice. The Alloy SCr-1Mo (Modified) was in the form 
of 1.27 cm plate from Carpenter Technology Melt 
30176 which was refined by the ESR process. Chemi- 
cal compositions are listed in Table 1. Heat treat- 
ment of both ‘tf T-S materials consisted of a solution 
anneal at 1050 C for 8.5 hr followed by air cooling 
and tempering at 780 C for 2.5 hr followed by air 
cooling. This heat treatment is considered represen- 
tative of commercial practice for HT-9 for high 
temperature service. Heat treatment of the Alloy 
9Cr_6Mo (Mod.) consisted of a solution anneal at 
103% C for 1 hr with air cooling and tempering at 
760 C for 1 hr and air cooling. Postheat treatment 
yield strengths of the materials at 24’C were 653, 
56b and 612 MPa, respectively; tensile strengths at 
24 C were 823, 779 and 748 MPa, respectively. 

3. MATERIALS 

The research materials selected for the investigation 
permitted an evaluation of chemical composition 
and/or heat treatment as experimental variables in 
addition to irradiation condition. Allov HT-9 mate- 

TABLE 1. Chemical Compositions (wt.-%) 

Element HT-9 Rod HT-9 Plate 9Cr-lM0 (Mod.)* 
(91354) (9-607) (30176) 

CJZ 12.09 11.65 8.32 
MO 1.02 1.02 .86 
C .21 .20 .09 
Mn .50 .61 .40 
Si .21 .26 .15 
P .008 .016 .012 
S * 003 .007 .004 
Ni .58 .54 .09 
V .33 .29 .20 
W .54 .61 < .Ol 
“0.06 Nb 

4. AS-FABRICATED CONDITION ASSESSMENTS 

4.1 Microstructure 

Material microstructures are reproduced in Fig. 1. 
The structures of the HT-9 materials are typical of 
tempered martensite; that of the SCr-1Mo (Mod.) 
material is tempered martensite and/or lower bai- 
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Fig.	  12:	  Charpy	  curves	  of	  full	  size	  specimens	  of	  Alloy	  HT-9	  Rod	  in	  as-heat	  treated,	  
thermally	  aged	  and	  irradiated	  condition	  [36].	  
	  

In	  general,	  experimental	  findings	  suggest	  that	  changes	  in	  DBTT	  for	  HT-‐9	  
begin	  to	  saturate	  at	  relatively	  low	  fluences	  [26].	  Fig.	  13	  shows	  that	  at	  irradiation	  
temperatures	  of	  390oC	  (solid	  circles)	  after	  15	  dpa	  the	  slope	  of	  the	  curve	  begins	  to	  
decrease	  as	  fluence	  increases	  and	  at	  30	  dpa	  there	  is	  only	  a	  slight	  positive	  slope	  
indicating	  that	  saturation	  is	  occurring.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Fig.	  13:	  Effect	  of	  irradiation	  temperature	  and	  fluence	  on	  DBTT	  of	  12Cr-1MoWV.	  Lower	  
temperatures	  of	  390oC	  (solid	  circles)	  increase	  the	  DBTT	  more	  than	  temperatures	  
above	  500oC	  (open	  triangles	  and	  squares)[26].	  

Table 1 
Ductile-brittle transition remperature changes of 12Cr- 
IMoWV and YCr-IMoVNb after irradiation 

Alloy T in Fluence DBTT DBTT 
f”C) idpa) (“0 (“0 

l?Cr-IMoWV (HT-9) Unirradlaled - s 

9(‘r-1MoVNb 

390 15 130 
15 110 
30 140 

450 1s 27 
15 14 
30 78 

500 15 30 
30 63 

500 15 99 
15 0 
30 60 

~lnirradiated - -22 

390 15 27 
15 43 
30 32 

450 IS -22 
15 -1 

500 15 - 22 
15 0 
30 - 12 

500 30 -22 
15 -3 

12.5 
105 
135 

22 
9 

73 

2s 
5x 

93 
0 

55 

_ 

49 
65 
54 

23 

0 
22 
33 

0 
25 

up to 30 dpa and irradiation temperatures to 550°C. 
The DBTT changes seem to mirror those changes shown 
to occur in fig. 2 in that large shifts in DBTT occur at 
lower temperatures where there are large increases in 
strength. The maximum change in DBTT observed in 
12Cr-IMoWV is 135’C after 30 dpa and 390” C 

While it has not been demonstrated unequivocably 
that saturation of mechanical properties such as tough- 
ness and strength will occur in the 9-12Cr steels. it is 
strongly suggested by comparison with other hcc 
materials and property measurements such as the tensile 
data mentioned above. Fig. 4 contains the most recent 
DBTT data for HT-9 for fluences up to 30 dpa [39]. 
Similar to the behavior of ferritic pressure vessel steels. 
the changes in the DBTT for HT-9 begin to slow at 
relatively low fluences. At irradiation temperatures of 
390°C after 15 dpa the slope of the curve begins to 
decrease and at 30 dpa there is only a slight positive 
slope indicating that saturation is occurring As dis- 
cussed for pressure vessel steels. lower irradiati~)n tem- 
peratures produce larger changes in these steels. and the 
saturation occurs at higher fluences. While the increase 

15dpa  30dpa  

9cr  v  v  

HT-9  0  0  

.PRESSUREVESSELSTEELS  
k .0005 dpa)  

J 

0 100  200  300  400  509  600  

IRRADIATIONTEMPERATURE  (W)  

Fig. 3. The effect of irradiation on the change in ductile-hrittlc 
transition temperatures of 1 ZCr- 1 MoWV and 9Cr- ‘i MoVNb. 
and several pressure vessel steels for comparison. 

in DBTT indicates that there may be a lower fracture 
energy at service temperatures on the order of 150°C. it 
is not clear if this will preclude their use in high-flueme 
fusion components because it may he that these compo- 
nents can be designed to aafelv operate at temperatures 
below the DBTT. This possibility is discussed in more 
detail below. Fig. 5 shows the effect of irradiation on 
the plane-strain fracture toughness and as a function of 
test temperature. The solid data points indrcate un- 
irradiated lower-shelf energy plane-strain fracture 
toughness data generated on full-sized and miniature 
compact tension specimens while the open data are 
plane-strain fracture toughness data generated for HT-9 
which has been irradiated between 50 to 500°C and 5 to 
10 dpa. This data suggests that to irradiation fluences 01 

150  

s 100  

t  
z 

50  

10  20  30  

FLUENCE(OPA)  

Fig. 4. The effect of irradiation temperature and fluence on the 
ductile-brittle transition temperature of 12Cr-IMoWV. Note 
that the increase in the DBTT begins to slow after about 15 
dpa and that lower temperatures increase the DBTT more than 
temperatures above 5OO’C. 
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	   In	  1992,	  Klueh	  et	  al.	  [37]	  investigated	  the	  effect	  of	  different	  normalizing-‐and-‐
temperature	  treatments	  on	  12Cr-‐1MoVW	  impact	  properties.	  The	  12Cr-‐1MoVW	  steel	  
was	  taken	  from	  an	  AOD/ESR	  melt	  that	  was	  processed	  into	  hot-‐rolled	  plate	  (heat	  
9607-‐R2)	  with	  chemical	  composition	  given	  in	  Table	  8.	  The	  steel	  plates	  (88.9	  x	  152	  x	  
9.5	  mm)	  followed	  four	  different	  heat	  treatments,	  i.e.	  normalization	  at	  1040oC	  for	  1	  
h/AC	  followed	  by	  tempering	  at	  780oC	  for	  1h/AC	  and	  780oC	  for	  2.5	  h/AC,	  and	  
normalization	  at	  1110oC	  for	  1	  h/AC	  followed	  by	  tempering	  at	  780oC	  for	  1h/AC	  and	  
780oC	  for	  2.5	  h/AC.	  	  
	  

	  
Fig.	  14:	  Charpy	  curves	  for	  12Cr-1MoVW	  steel	  (heat	  9607-R2)	  in	  as-heat	  treated	  and	  
after	  irradiation	  to	  4	  dpa	  at	  365oC	  in	  FFTF	  reactor	  [37,	  38].	  
	  

Irradiations	  were	  performed	  in	  FFTF	  reactor	  (MOTA	  1E	  experiment).	  12Cr-‐
1MoVW	  steel	  was	  irradiated	  to	  a	  fluence	  F(E	  >	  0.1	  MeV)	  1.1	  x	  1026n/m2	  (~	  4	  dpa)	  at	  
365oC.	  Charpy	  tests	  performed	  on	  12Cr-‐1MoVW	  steel	  (heat	  9607-‐R2)	  with	  different	  
heat	  treatments	  showed	  essentially	  no	  differences	  in	  DBTT	  shifts.	  	  Table	  12	  and	  Fig.	  
14	  display	  impact	  tests	  results.	  The	  investigation	  shows	  that	  the	  shift	  in	  DBTT	  is	  
relatively	  independent	  of	  heat	  treatment.	  The	  USE	  was	  essentially	  the	  same	  for	  all	  
four	  heat	  treatment	  conditions	  after	  irradiation.	  	  
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Table	  12:	  Results	  of	  impact	  tests	  performed	  on	  12Cr-1MoVW	  steel	  (heat	  9607-R2)	  steel	  
irradiated	  in	  FFTF	  reactor	  to	  4	  dpa	  at	  365oC	  [37].	  
	  

Dose 
(dpa) 

Irradiation 
Temperature 

(oC) 

DBTT0 
(oC) 

DBTT 
(oC) 

Shift 
in 

DBTT 
(oC) 

USE0 
(J) 

USE 
(J) 

Delta 
USE  

J (%) 

Heat 
Treatment 

4 365 -32 97 129 6 3.6 
 -2.4 
(40) 

1040/1h/AC; 
760/1h 

4 365 -35 95 130 7.6 3.4 
 -4.2 
(55) 

1040/1h/AC; 
780/2.5h 

4 365 -34 100 134 5.4 2.5 
 -2.9 
(54) 

1100/1h/AC; 
760/1h 

4 365 -51 107 157 6.2 3.9 
 -2.3 
(37) 

1100/1h/AC; 
780/2.5h 

	  
Similar	  conclusions	  were	  derived	  from	  12Cr-‐1MoVW	  steels	  irradiated	  at	  

420oC	  in	  FFTF	  reactor	  (MOTA)	  [38].	  One-‐third-‐size	  Charpy	  specimens	  (3.3	  x	  3.3	  x	  
25.4	  mm)	  in	  L-‐T	  orientation	  were	  fabricated	  from	  12Cr-‐1MoVW	  steels	  (9607-‐R2)	  
with	  two	  different	  heat	  treatments.	  Heat	  treatments	  consisted	  in	  normalization	  at	  
1040oC	  for	  1h/AC	  followed	  by	  two	  different	  tempering,	  i.e.	  at	  760	  for	  1h	  and	  780oC	  
for	  2.5	  h.	  Specimens	  tempered	  at	  760	  and	  780oC	  were	  exposed	  to	  7.4	  and	  7.8	  1026	  
n/m2	  (34	  and	  dpa),	  respectively.	  As	  shown	  in	  Fig.	  15	  and	  Table	  13,	  results	  obtained	  
show	  no	  significant	  effect	  of	  heat	  treatment	  on	  12Cr-‐1MoVW	  DBTT	  shifts.	  	  

	  
Table	  13:	  Results	  of	  impact	  tests	  performed	  on	  12Cr-1MoVW	  steel	  (9607-R2)	  steel	  
irradiated	  in	  FFTF	  reactor	  to	  ~	  35	  dpa	  at	  420oC	  [38].	  
	  

Dose 
(dpa

) 

Irradiation 
Temperatur

e (oC) 

DBTT
0 (oC) 

DBT
T 

(oC) 

Shift 
in 

DBT
T 

(oC) 

USE
0 (J) 

US
E 

(J) 

Delt
a 

USE  
J 

(%) 

Heat 
Treatment 

34 420 -32 55 87 6 4.1 
 -1.9 
(32) 

1040/1h/AC
; 760/1h 

36 420 -35 72 107 7.6 4.1 
 -3.5 
(46) 

1040/1h/AC
; 780/2.5h 

	  
The	  investigation	  suggested	  that	  a	  tempering	  temperature	  lower	  than	  the	  

780oC	  could	  be	  beneficial	  in	  reducing	  the	  effect	  of	  irradiation	  on	  DBTT	  in	  12Cr-‐
1MoVW	  steel.	  Also,	  based	  on	  the	  studies	  of	  Little	  et	  al.	  [13]	  lower	  carbon	  content	  
steel	  was	  found	  to	  induce	  a	  much	  finer	  precipitate	  distribution	  in	  a	  12Cr-‐0.9Mo-‐
0.3V-‐0.14	  C	  steel	  with	  possible	  significant	  effects	  in	  DBTT.	   
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Fig.	  15:	  Charpy	  curves	  for	  12Cr-1MoVW	  steel	  (heat	  9607-R2)	  in	  as-heat	  treated	  and	  
after	  irradiation	  to	  ~35	  dpa	  at	  420oC	  in	  FFTF	  reactor	  [38].	  
	  
	  

Results	  of	  Charpy	  tests	  have	  been	  reported	  for	  HT-‐9	  steel	  irradiated	  at	  200oC	  
in	  BR2	  reactor	  in	  SCK.CEN,	  Belgium	  [39,	  40].	  Irradiations	  were	  performed	  within	  the	  
framework	  of	  the	  Euratom	  FP-‐5	  SPIRE	  project.	  HT-‐9	  chemical	  composition	  is	  listed	  
in	  Table	  14.	  HT-‐9	  material	  was	  provided	  by	  Aubert-‐Duval	  (orig.	  denomination:	  56	  
B.I.).	  	  

The	  steel	  was	  normalized	  at	  1050°C/30	  min	  and	  tempered	  at	  700°C/2h.	  
Specimens	  were	  irradiated	  in	  the	  Multipurpose	  Irradiation	  System	  for	  Testing	  of	  
Reactor	  Alloys	  (MISTRAL)	  rig	  with	  the	  purpose	  of	  studying	  irradiation	  effects	  on	  
high	  chromium	  F/M	  steels	  for	  MYRRHA	  project;	  a	  lead-‐bismuth	  cooled	  experimental	  
accelerator	  driven	  system	  (ADS)	  [41,	  http://myrrha.sckcen.be/].	  
	  

	  
Table	  14:	  HT-9	  steel	  chemical	  composition	  irradiated	  in	  BR2	  reactor	  [39].	  

	  
	  

	  
As	  shown	  in	  Fig.	  16	  and	  Table	  15,	  DBTT	  equals	  169oC	  for	  the	  irradiation	  to	  a	  

dose	  of	  ~	  3.7	  dpa	  and	  163oC	  for	  the	  irradiation	  at	  2.47	  dpa.	  The	  authors	  report	  a	  
USE	  reduction	  of	  41%	  for	  the	  largest	  dose	  of	  ~	  3.7	  dpa	  and	  37%	  for	  the	  irradiation	  
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at	  2.47	  dpa.	  HT-‐9	  DBTT	  shift	  is	  compared	  with	  the	  shifts	  obtained	  under	  similar	  
conditions	  of	  dose	  (2.43-‐2.91	  dpa)	  and	  same	  irradiation	  temperature	  (200oC)	  for	  
EM10	  and	  T91	  steels	  and	  conclude	  that	  HT-‐9	  shows	  the	  largest	  embrittlement,	  with	  
DBTT	  shifts	  equal	  to	  168oC,	  109oC,	  and	  84oC,	  for	  HT-‐9,	  T91	  and	  EM10,	  respectively.	  
	  
	  

	  
	  
Fig.	  16:	  Effect	  of	  irradiation	  temperature	  on	  DBTT	  shift	  in	  HT-9	  specimens	  irradiated	  
in	  BR2	  reactor	  to	  2.47	  and	  3.7	  dpa	  at	  an	  irradiation	  temperature	  of	  200oC	  [39].	  

	  
Table	  15:	  Results	  of	  impact	  tests	  performed	  on	  HT-9	  steel	  steel	  irradiated	  in	  BR2	  
reactor	  to	  ~	  2.47	  and	  3.7	  dpa	  at	  200oC	  [39,40].	  

Dose  
(dpa) 

Irradiation 
Temperature (oC) 

DBTT  
(oC) 

Shift in DBTT  
(oC) 

USE  
J(%) 

0 200 1   4.9  

2.47 200 169 168  2.9 (41) 

3.7 200 163 162 3.1 (37) 
	  

One	  of	  the	  last	  experiments	  run	  in	  FFTF	  (consisting	  of	  HT-‐9	  clad	  oxide	  fuel	  
and	  an	  HT-‐9	  duct)	  was	  called	  the	  ACO-‐3	  experiment	  [43].	  ACO-‐3	  duct	  was	  exposed	  
to	  a	  wide	  range	  of	  irradiation	  doses	  3-‐148	  dpa	  and	  temperatures	  378-‐504oC.	  ACO-‐3	  
duct	  (heat	  #84,4250)	  heat	  treatment	  consisted	  of	  normalizing	  at	  1065oC	  30min/AC	  
followed	  by	  tempering	  at	  760oC	  1h/AC.	  	  
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New	  data	  for	  HT-‐9	  steel	  irradiation	  response	  has	  recently	  been	  reported	  in	  
2012	  [42].	  HT-‐9	  subsize	  steel	  specimens	  were	  machined	  from	  the	  ACO-‐3	  duct	  
irradiated	  in	  FFTF	  reactor.	  Impact	  tests	  were	  also	  performed	  on	  archive	  material.	  
The	  change	  in	  DBTT	  for	  ACO-‐3	  duct	  HT-‐9	  specimens	  in	  the	  L-‐T	  orientation	  is	  
depicted	  in	  Fig.	  17	  (black	  diamonds)	  and	  Table	  16.	  Archive	  material	  for	  T-‐L	  
orientation	  was	  not	  available	  so	  only	  shifts	  in	  DBTT	  in	  L-‐T	  orientation	  were	  
determined.	  A	  strong	  dependence	  on	  irradiation	  temperature	  is	  observed.	  In	  Fig.	  17,	  
DBTT	  shifts	  monitored	  from	  Charpy	  impact	  energy-‐temperature	  curves	  indexed	  at	  
two	  other	  different	  absorbed	  energies	  are	  also	  reported,	  namely	  1	  J	  (red	  triangles),	  
2	  J	  (blue	  circles).	  At	  the	  lowest	  irradiation	  temperature	  of	  380	  or	  383	  oC,	  DBTT	  shifts	  
equal	  to	  237,	  258	  and	  218oC	  are	  observed	  for	  a	  total	  dose	  of	  ~	  20.5	  dpa	  or	  23.3	  dpa.	  	  
	  
Table	  16:	  DBTT	  shifts	  in	  HT-9	  steel	  from	  ACO-3	  duct	  irradiated	  in	  FFTF	  [42].	  

Dose (dpa) 
Irradiation 

Temperature 
(oC) 

Shift in DBTT (C) Orientation Indexed at 

20.5/23.3 380/383 258 L-T 2 J 
    237 L-T 1 J 
    218 L-T 41 J 
	  

	  
	  

Fig.	  17:	  DBTT	  shift	  as	  a	  function	  of	  irradiation	  temperature	  for	  HT9	  steel	  machined	  
from	  the	  ACO_3	  fuel	  duct	  irradiated	  to	  a	  dose	  of	  ~	  20.5	  –	  23.3	  dpa	  in	  FFTF	  fast	  reactor	  
[42].	  
	  
	  

indicate that the transition temperatures are strongly dependent
on irradiation temperature: the temperature indices decrease
strongly with irradiation temperature. The irradiation at the high-
est temperatures (>450 !C) resulted in relatively low transition
temperatures. The transition temperature before irradiation was
well below room temperature; for example, the T-1 J for the duct
archive material with L-T orientation was !115 !C and those for
INL HT9 were !71 and !65 !C for L-T and T-L orientations, respec-
tively. Among the irradiated ACO-3 duct specimens, the lowest T-
1 J values, !24 and !31 !C, were observed for the L-T specimens
irradiated at the highest temperature of 503 !C; i.e., 2E4 & 2E5 sets,
while the highest T-1 J value, 136 !C, was obtained from the 6C7
set irradiated at the lowest temperature 379 !C. It is worth noting
that no T-1 J values are above room temperature when irradiation
temperature is above 430 !C. The plots also show that the speci-
men orientation does not show noticeable influence on the transi-
tion temperatures. Both the T-1 J and T-2 J trend lines show about
10 !C or less difference between the L-T and T-L orientations. The
average difference between T-1 J and T-2 J is 55 !C and a DBTT is
closer to T-2 J than T-1 J.

The transition temperature data are also plotted as a function of
irradiation dose (dpa) in Fig. 5, in which irradiation temperature
ranges are given for respective data groups. No clear trend in the
dose dependence of absorbed energy is recognized in this plot;
probably any effect is obscured by the strong temperature depen-
dence. The data can rather be divided into three groups: (1) the low
or zero dose group with nil or small transition temperature shift
(bottom left), (2) the low temperature (<402 !C) irradiation group
showing a significant increase in transition temperature (left
top), and (3) the high dose (>80 dpa), medium to high temperature
irradiation groups (middle right) showing a medium level transi-
tion temperature shift. The low dose group showed quite low tran-
sition temperatures, but these data were from the coolant-outlet
positions in the ACO-3 duct exposed to the highest temperatures
(>500 !C). This weak dose dependence of transition temperatures
above 3 dpa may be because the radiation effect on mechanical
property is nearly saturated at or below the lowest dose of about
3 dpa, and in such high dose range the survival rate of radiation-in-
duced defects has reached at saturated level and is determined al-
most solely by irradiation temperature. Although the specimens
taken from the duct cannot provide data between zero dpa and
the lowest dose obtained for each irradiation temperature, the shift

of transition temperature in the low dose range is expected to oc-
cur rapidly, especially in low temperature irradiation.

As predicted by the strong temperature dependence of transi-
tion temperatures, the shifts in transition temperatures (DT-1 J,
DT-2 J, and DDBTT) presented in Fig. 6 are also strongly dependent
on the irradiation temperature. No meaningful dose dependence
was found in the transition temperature shift versus dose plots
within the test dose range. Note that the temperature shifts for
the specimens with L-T orientation only are presented here be-
cause the archive material was available for that orientation only.
The maximum shifts were found at the lowest irradiation temper-
atures of 380 or 383 !C: 237, 258, and 218 !C for DT-1 J, DT-2 J, and
DDBTT, respectively. The doses for these cases are 20.5 or 23.3 dpa,
which are well below the maximum dose of 147.6 dpa in the study.
The trend curves in Fig. 6 display that the shifts of transition tem-
peratures are still significantly high at the highest irradiation tem-
perature (for example, >80 !C for DT-1 J) and tend to be lower at
higher temperatures but is not expected to converge to zero. This
implies that the radiation-induced defects causing the shifts in
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As	  shown	  in	  Fig.	  18,	  DBTT	  shifts	  obtained	  from	  subsize	  ACO-‐3	  duct	  
specimens	  are	  consistent	  with	  data	  from	  earlier	  studies.	  The	  dotted	  line	  encloses	  the	  
highest	  DBTT	  shifts.	  Except	  for	  the	  data	  mentioned	  in	  Fig.	  16	  obtained	  in	  SCK.CEN	  
Belgium,	  very	  few	  data	  points	  exist	  below	  300oC	  and	  extrapolation	  of	  DBTT	  shift	  
values	  in	  the	  low	  temperature	  range	  becomes	  difficult.	  Note	  in	  particular,	  the	  solid	  
blue	  circles,	  labeled	  as	  “This	  Study”	  that	  correspond	  to	  DBTT	  shifts	  as	  a	  function	  of	  
irradiation	  temperature	  for	  HT9	  steel	  machined	  from	  the	  ACO_3	  fuel	  duct	  irradiated	  
to	  a	  dose	  of	  ~	  3-‐148	  dpa	  in	  FFTF	  fast	  reactor.	  These	  results	  suggest	  a	  drastic	  drop	  in	  
DBTT	  shift	  at	  irradiation	  temperatures	  above	  450oC.	  

	  	  	  	  	   	  
Fig.	  18:	  Comparison	  of	  DBTT	  shifts	  data	  [42].	  	  
	  

Irradiation	  temperature	  dependences	  of	  USE	  were	  found	  not	  to	  be	  
significant,	  as	  shown	  in	  Fig.	  19.	  Dotted	  lines	  enclose	  the	  maximum	  and	  minimum	  
values,	  except	  for	  two	  data	  points	  corresponding	  to	  tests	  performed	  on	  pre-‐cracked	  
Charpy	  specimens.	  The	  authors	  conclude	  that	  USE	  reduction	  was	  similar	  for	  all	  
cases	  regardless	  of	  differences	  in	  materials	  and	  irradiation	  conditions.	  	  	  

believed, however, that the saturation dose for the reduction of
USE is dependent on irradiation temperature and testing with a
higher dose resolution is required to determine the value for each
irradiation temperature.

Since DDBTT has been considered as the most important
parameter for assessment of a nuclear structural material, more
data have been discussed in the past publications [31–37]. How-
ever, it should be noted that the DBTT has been defined as the tran-
sition temperature at various impact energies: 40 J [37], 41 J [35],
USE/2 [31,32], or (USE + LSE)/2 [22]. For the purpose of compari-
son, again, the use of DDBTT is recommended to minimize the er-
rors from the different definitions as well as from the
aforementioned size effect. TheDDBTT data collected for irradiated
HT9 steels are compared in Fig. 12, where a dotted line is drawn to
enclose the highest values [37]. In this study the highest DDBTT of
218 !C is found in the 382 !C irradiation to 23 dpa. Although the
data from lower irradiation temperatures are scarce for HT9 steels,
the horizontal maximum DDBTT line is suggested in the plot be-
cause the DDBTT at temperatures below 380 !C is expected to in-

crease up to the horizontal line as in other ferritic and/or
martensitic steels [37]. The maximum DDBTT decreases rapidly
with irradiation temperature in the range of 380–430 !C, above
which it tends to decrease at much lower rate or to become stag-
nant. It is noticeable that the DDBTT data from ACO-3 duct speci-
mens are among the maximum values up to about 460 !C. This is
probably because of relatively high doses for those specimens. It
is also observed in Fig. 12 that no DDBTT measured is above
100 !C when irradiation temperature is above 430 !C.

4. Summary and conclusion

Charpy impact tests have been carried out for specimens taken
from the ACO-3 duct (HT9 heat 84,425) of the Fast Flux Test Facil-
ity (FFTF) at Hanford site, non-irradiated archive material, and a re-
cently produced heat of HT9 steel. The temperature transition
curves of impact energy were successfully constructed for all irra-
diation conditions using a limited number of specimens or 6–8
specimens per condition. The test results and conclusions are sum-
marized as follows:

(1) A significant degradation in impact properties occurred after
irradiation to the minimum dose of 3 dpa, above which little
dose dependence was found in various impact parameters.
After irradiation the influence of irradiation temperature
dominated overall Charpy impact energy results.

(2) The shifts of transition temperatures (T-1 J, T-2 J, and DBTT)
were greater after relatively lower temperature irradiations.
T-1 J values, for example, were in the range !115 to !65 !C
before irradiation and increased to 110–140 !C after irradia-
tion at relatively low temperatures ranging from 379 to
396 !C. No. T-1 J values were above room temperature when
irradiation temperature was above 430 !C.

(3) The USE values were in the range of 5.5–6.7 J before irradia-
tion and 2–5 J after irradiation. The USEs were lower for rel-
atively low irradiation temperatures as well as for T-L
orientation. Little dose dependence was observed in the
USE after the significant drop below 3 dpa.

(4) The discussion on size effect led to the conclusion that the
use of subsize specimens and a proper normalization for-
mula can provide an accurate prediction of USE values. Eval-
uation of size effect in transition temperatures is more
challenging and needs detailed calculation for stress concen-
tration at notch. Comparisons of DDBTT and scaled USE data
indicated that the data from ACO-3 duct specimens were
consistent with the data from other studies.
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Fig.	  19:	  Comparison	  of	  USE	  data	  [42].	  	  	  
	  
	  

HT-‐9	  steels	  data	  gathered	  over	  the	  past	  decades	  complemented	  with	  recent	  
experimental	  findings	  provide	  a	  significant	  starting	  point	  in	  the	  analysis	  of	  
mechanical	  properties	  degradation	  under	  irradiation.	  In	  this	  report,	  we	  have	  
considered	  only	  one	  aspect,	  i.e.	  HT-‐9	  embrittlement	  because	  of	  its	  importance	  in	  
defining	  the	  lower	  operating	  temperature	  limit	  in	  the	  next	  generation	  of	  fission	  
nuclear	  reactor.	  Extensive	  data	  is	  also	  available	  in	  HT-‐9	  materials	  properties	  
database	  to	  describe	  the	  upper	  temperature	  limit	  given	  by	  irradiation	  and	  thermal	  
creep	  and	  corrosion	  in	  liquid	  coolants.	  This	  effort	  contributes	  to	  the	  development	  of	  
ASME	  codes	  for	  irradiated	  conditions.	  

believed, however, that the saturation dose for the reduction of
USE is dependent on irradiation temperature and testing with a
higher dose resolution is required to determine the value for each
irradiation temperature.

Since DDBTT has been considered as the most important
parameter for assessment of a nuclear structural material, more
data have been discussed in the past publications [31–37]. How-
ever, it should be noted that the DBTT has been defined as the tran-
sition temperature at various impact energies: 40 J [37], 41 J [35],
USE/2 [31,32], or (USE + LSE)/2 [22]. For the purpose of compari-
son, again, the use of DDBTT is recommended to minimize the er-
rors from the different definitions as well as from the
aforementioned size effect. TheDDBTT data collected for irradiated
HT9 steels are compared in Fig. 12, where a dotted line is drawn to
enclose the highest values [37]. In this study the highest DDBTT of
218 !C is found in the 382 !C irradiation to 23 dpa. Although the
data from lower irradiation temperatures are scarce for HT9 steels,
the horizontal maximum DDBTT line is suggested in the plot be-
cause the DDBTT at temperatures below 380 !C is expected to in-

crease up to the horizontal line as in other ferritic and/or
martensitic steels [37]. The maximum DDBTT decreases rapidly
with irradiation temperature in the range of 380–430 !C, above
which it tends to decrease at much lower rate or to become stag-
nant. It is noticeable that the DDBTT data from ACO-3 duct speci-
mens are among the maximum values up to about 460 !C. This is
probably because of relatively high doses for those specimens. It
is also observed in Fig. 12 that no DDBTT measured is above
100 !C when irradiation temperature is above 430 !C.

4. Summary and conclusion

Charpy impact tests have been carried out for specimens taken
from the ACO-3 duct (HT9 heat 84,425) of the Fast Flux Test Facil-
ity (FFTF) at Hanford site, non-irradiated archive material, and a re-
cently produced heat of HT9 steel. The temperature transition
curves of impact energy were successfully constructed for all irra-
diation conditions using a limited number of specimens or 6–8
specimens per condition. The test results and conclusions are sum-
marized as follows:

(1) A significant degradation in impact properties occurred after
irradiation to the minimum dose of 3 dpa, above which little
dose dependence was found in various impact parameters.
After irradiation the influence of irradiation temperature
dominated overall Charpy impact energy results.

(2) The shifts of transition temperatures (T-1 J, T-2 J, and DBTT)
were greater after relatively lower temperature irradiations.
T-1 J values, for example, were in the range !115 to !65 !C
before irradiation and increased to 110–140 !C after irradia-
tion at relatively low temperatures ranging from 379 to
396 !C. No. T-1 J values were above room temperature when
irradiation temperature was above 430 !C.

(3) The USE values were in the range of 5.5–6.7 J before irradia-
tion and 2–5 J after irradiation. The USEs were lower for rel-
atively low irradiation temperatures as well as for T-L
orientation. Little dose dependence was observed in the
USE after the significant drop below 3 dpa.

(4) The discussion on size effect led to the conclusion that the
use of subsize specimens and a proper normalization for-
mula can provide an accurate prediction of USE values. Eval-
uation of size effect in transition temperatures is more
challenging and needs detailed calculation for stress concen-
tration at notch. Comparisons of DDBTT and scaled USE data
indicated that the data from ACO-3 duct specimens were
consistent with the data from other studies.
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Conclusions	  
	  
Table	  17	  displays	  the	  DBTT	  shifts	  discussed	  in	  this	  report.	  The	  matrix	  shows	  that	  
the	  trend	  observed	  by	  several	  authors	  is	  confirmed,	  i.e.	  the	  largest	  DBTT	  shift	  values	  
are	  found	  at	  the	  lowest	  temperatures	  and	  DBTT	  shift	  values	  decrease	  as	  irradiation	  
temperature	  increases.	  
	  
Table	  17:	  DBTT	  shifts	  reported	  in	  the	  literature	  described	  in	  this	  report.	  
Tirr(oC)	  
Dpa	   200	   200	   365	   380	   390	   400	   420	   427	   450	   470	   500	   520	   550	  

2.47	   169	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
3.7	   	  	   163	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
4	   	  	   	  	   129	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
4	   	  	   	  	   130	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
4	   	  	   	  	   134	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
4	   	  	   	  	   157	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
6	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   108	   	  	   	  	   	  	   	  	   	  	  
10	   	  	   	  	   160	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
12	   	  	   	  	   	  	   	  	   127	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
13	   	  	   	  	   	  	   	  	   124	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
13	   	  	   	  	   	  	   	  	   89	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
13	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   33	   	  	   	  	  
13	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   57	  
13	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   9	  
13	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   27	   	  	   	  	   	  	   	  	  
17	   	  	   	  	   160	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
26	   	  	   	  	   	  	   	  	   144	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
26	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   59	   	  	   	  	   	  	   	  	  
26	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   43	   	  	   	  	  
26	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   41	  
34	   	  	   	  	   	  	   	  	   	  	   	  	   87	   	  	   	  	   	  	   	  	   	  	   	  	  
36	   	  	   	  	   	  	   	  	   	  	   	  	   107	   	  	   	  	   	  	   	  	   	  	   	  	  
110	   	  	   	  	   	  	   	  	   	  	   157	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
110	   	  	   	  	   	  	   	  	   	  	   	  	   97	   	  	   	  	   	  	   	  	   	  	   	  	  
110	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   62	   	  	   	  	   	  	  
110	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   85	   	  	  

	  
	  

As	  schematically	  depicted	  in	  Fig.	  20,	  the	  experimental	  data	  on	  DBTT	  shifts	  
described	  in	  this	  report	  is	  limited	  to	  irradiation	  temperatures	  above	  200oC	  and	  dose	  
values	  below	  110	  dpa.	  The	  data	  covers	  the	  region	  of	  fast	  reactor	  operating	  
temperatures	  (350-‐550oC)	  for	  doses	  below	  50	  dpa.	  	  

Data	  at	  low	  irradiation	  temperatures	  and/or	  large	  irradiation	  dose	  are	  
needed	  to	  define	  trendlines.	  Exceptional	  datapoints	  have	  been	  reported	  at	  110	  dpa,	  
or	  at	  low	  irradiation	  temperatures	  ~	  200oC.	  Data	  at	  low	  irradiation	  temperatures	  is	  
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of	  particular	  importance	  since	  low	  temperature	  embrittlement	  could	  result	  in	  steel	  
failures	  during	  off	  normal	  events.	  

	  
Fig.	  20:	  Matrix	  of	  experimental	  data	  available	  on	  HT-9	  DBTT	  shifts.	  Red	  lines	  indicate	  
doses	  larger	  than	  110	  dpa	  and	  irradiation	  temperatures	  below	  200oC.	  
	  
	  

Computer	  simulation	  and	  modeling	  of	  FeCr	  based	  materials	  under	  irradiation	  
could	  help	  further	  the	  understanding	  of	  microstructural	  effects	  in	  F/M	  steels.	  DBTT	  
shift	  after	  irradiation	  is	  attributed	  to	  matrix	  hardening	  as	  a	  result	  of	  alpha-‐prime	  
formation,	  carbide	  precipitation,	  dislocation	  loop	  formation,	  etc.	  USE	  reduction	  is	  
also	  attributed	  to	  changes	  in	  the	  microstructure	  (carbide	  precipitation	  and	  
intermetallic	  formation,	  etc.).	  Understanding	  materials	  response	  under	  irradiation	  
at	  the	  atomistic	  level	  is	  crucial	  to	  the	  development	  of	  radiation-‐resistant	  materials	  
for	  future	  advanced	  fission	  reactors	  and	  fusion	  designs	  [44].	  Prediction	  of	  how	  these	  
materials	  will	  perform	  under	  high	  exposures	  represents	  a	  challenge	  to	  the	  
capabilities	  of	  present	  day	  available	  models.	  Recently,	  Cr-‐cluster	  formation	  
mechanisms	  under	  irradiation	  have	  been	  investigated	  via	  Molecular	  Dynamics	  
simulations	  using	  an	  approach	  that	  takes	  advantage	  of	  empirical	  interatomic	  
potentials	  developed	  based	  thermodynamic	  properties	  of	  the	  Fe-‐Cr	  system,	  
experimental	  data	  and	  ab-‐initio	  results	  [45].	  Multiscale	  modeling	  will	  be	  required	  to	  
give	  insight	  into	  the	  derivation	  of	  physically	  based	  F/M	  steels	  embrittlement	  
trendlines.	  
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ANNEX	  	  
	  
In	  Table	  I,	  composition	  limits	  are	  given	  for	  austenitic	  stainless	  steels	  tubing;	  taken	  
from	  the	  guideline	  ASTM	  771/A	  771	  M	  -‐95	  (2001).	  316	  SS	  conforms	  to	  TP316,	  D-‐9	  
conforms	  to	  S38660	  (D-‐9	  is	  a	  Ti	  modified	  variant	  of	  316	  SS)	  and	  HT-‐9	  conforms	  to	  
UNS	  S42100.	  
	  
Table	  I:	  Alloy	  composition	  Limits	  for	  Austenitic	  Stainless	  Steel	  Tubing.	  

Element 
TP 316 
S31600 S38660 S42100 

Carbon 
0.040-
0.060 

0.030-
0.050 0.17-0.23 

Manganese 1.00-2.00 1.65-2.35 0.40-0.70 
Phosporous, 
max 0.040 0.040 0.040 
Sulfur, max 0.010 0.010 0.010 
Silicon 0.50-0.75 0.50-1.00 0.20-0.30 
Nickel 13.0-14.0 14.5-16.5 0.30-0.80 
Chromium 17.0-18.0 12.5-14.5 11.0-12.5 
Molybdenum 2.00-3.00 1.50-2.50 0.80-1.20 
Titanium  --- 0.10-0.40A  --- 
Columbium, 
max 0.050 0.050 0.050 max 
Tantalum, 
max 0.020 0.020  --- 
Tungsten  ---  --- 0.40-0.60 
Nitrogen, max 0.010 0.005  --- 
Aluminun, 
max 0.050 0.050 0.050 
Arsenic, max 0.030 0.030  --- 
Boron, max 0.0020 0.0020  --- 
Cobalt, max 0.050 0.050  --- 
Copper, max 0.04 0.04  --- 
Vanadium, 
max 0.05 0.05 0.25-0.35 
A:	  Aim	  for	  0.25	  
Columbium:	  Niobium	  (Nb)	  
	  


